Photonic Metasurfaces for Spatiotemporal and Ultrafast Light Control by Shaltout, Amr
Purdue University
Purdue e-Pubs
Open Access Dissertations Theses and Dissertations
January 2015




Follow this and additional works at: https://docs.lib.purdue.edu/open_access_dissertations
This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.
Recommended Citation














Amr Mohammad Emadeldin Abdelmaksoud Shaltout 
In Partial Fulfillment of the 
Requirements of the Degree 
of 
















































First and foremost, I would like to express my sincere gratitudes to my advisor 
Professor Vladimir Shalaev for his encouragement and immense support. His sound 
advices and the research environment he builds makes strong independent researchers 
that can also understand and describe the big picture of the research. I also give my 
special thanks to Professor Alexander Kildishev for his valuable efforts, detailed 
supervision, patience and time in reviewing my work.  I also would like to thank 
Professor Alexandra Boltasseva for her strong support, very valuable care and important 
advices about the work. I also appreciate the role of Prof Evgenii Narimanov in 
developing innovative approaches in understanding the theory which I used throughout 
my research. 
I would like also to thank all the members of the group for supporting me during 
these years. Jingjing Liu and Jongbum Kim gave a lot of support in fabrication and 
experimentation. Xingjie Ni and Satoshi Ishi helped me through learning some of the 
tools. Gururaj Naik, Naresh Emani, Jieran Fang and Urcan Guler gave me helpful advices 
in many situations. Nathaniel Kinsey, Rohith Chandrasekar and Clayton Devault 
proofread many of my manuscripts and provided important comments. Thanks for the 
rest of the team for helpful good work throughout my thesis work. 
Finally and most importantly, I would like to express my appreciation to my 
parents for their love, support and encouragement all the time, and to my wife and kids 
for support, patience and for being a joyful part of my life throughout this journey. 
iv 
 




                                                                                                                                        Page                         
LIST OF TABLES ............................................................................................................. vi 
LIST OF FIGURES .......................................................................................................... vii 
ABSTRACT ..................................................................................................................... xiv 
1. OINTRODUCTION ....................................................................................................... 1 
1.1 Optical metamaterials and metasurfaces .............................................................. 1 
1.2 Phase-gradient metasurfaces ................................................................................ 2 
1.3 Polarization-gradient metasurfaces ...................................................................... 3 
1.4 Power-efficient metasurfaces ............................................................................... 4 
1.5 Reconfigurable Dynamic metasurfaces ................................................................ 5 
1.6 Time-gradient metasurfaces and non-reciprocity ................................................. 7 
1.7 Overview of the thesis .......................................................................................... 7 
2. BIANISOTROPIC HOMOGENIZATION OF METASURFACES ........................ 11 
2.1 Introduction ........................................................................................................ 11 
2.2 Direct and Inverse Solvers ................................................................................. 12 
2.3 Homogenization of nano-structures ................................................................... 19 
2.4 Application in Numerical solvers ....................................................................... 23 
2.5 Conclusion .......................................................................................................... 27 
3. PHOTONIC SPIN HALL EFFECT AND METASURFACE BASED 
CHIROPTICAL SPECTROMETERS ...................................................................... 28 
3.1 Introduction ........................................................................................................ 28 
3.2 Methodology ...................................................................................................... 30 
3.3 Conclusion .......................................................................................................... 34 
4. OPTICALLY ACTIVE METASURFACES ............................................................. 36 
v 
 
                                                                                                                                    Page    
4.1 Introduction ........................................................................................................ 36 
4.2 Methodology ...................................................................................................... 37                         
4.3 Power Efficiency ................................................................................................ 46 
4.4 Conclusion .......................................................................................................... 50 
5. METASURFACE BASED NANO-CAVITIES ........................................................ 52 
5.1 Introduction ........................................................................................................ 52 
5.2 Compact Nano-cavities ...................................................................................... 53 
5.3 Dual-Band Nano-cavities ................................................................................... 56 
5.4 Conclusion .......................................................................................................... 58 
6. TIME-GRADIENT METASURFACES AND LORENTZ NON-RECIPROCITY . 59 
6.1 Introduction ........................................................................................................ 59 
6.2 Mathematical Formulation ................................................................................. 60 
6.3 Lorentz Non-Reciprocity and Optical Isolation ................................................. 65 
6.4 Conclusion .......................................................................................................... 68 
7. ULTRAFAST LASER BEAM STEERING.............................................................. 69 
7.1 Introduction ........................................................................................................ 69 
7.2 Spatiotemporal Interference ............................................................................... 69 
7.3 Mathematical Formulation ................................................................................. 71 
7.4 Possible implementation and experimentation schemes .................................... 78 
7.5 Conclusion .......................................................................................................... 81 
8. CONCLUSION ......................................................................................................... 82 




 LIST OF TABLES 
 
 
Table                                                                                                                               Page   
 




































Figure                                                                                                                             Page   
 
2.1   Demonstration of co-polarized and cross-polarized reflection and transmission 
coefficients for an x-polarized input plane wave from the front size. The 
incident wave is indicated in blue, and the reflected and transmitted waves are 
in red. The direction of E and H fields are shown by arrows .................................. 14 
 
2.2 The unit cell of the two nanostructures used as examples for the 
homogenization algorithm. A top view is presented for each to describe the x 
and y directions ........................................................................................................ 20 
 
2.3   (a) Effective slab parameters of the V-antenna structure. (b) Spectral phasor of 
reflection and transmission coefficients using FEM and effective Bi-
anisotropic layer model. For all of them, the lower end point corresponds to 1 
µm and the upper end point corresponds to 3 µm ................................................... 21 
 
2.4   Retrieval results of the two rod structure .................................................................. 22 
 
2.5 Bianisotropic homogenization replaces the fine meshing on the antenna 
structures with effective bianisotropic tensors. ........................................................ 23 
 
2.6  Implement the FDFD simulation on a single V-shape antenna (60° splitting 
angle) and verify it by comparison with the full structure simulation using 
FEM ......................................................................................................................... 25 
 
2.7  (a,b) FDFD simulation of arrays of eight regular antennae represented by 
bianisotropic properties. Light is incident from the left with the electric field 
polarized in the x direction. White dashed lines indicate the position of the 
antenna array. The size of each antenna is 250 nm. The pitch of the antenna 




Figure                                                                                                                             Page   
 
2.8  The normal and anomalous power transmission percentage are computed using 
both FDFD and COMSOL. Zero-order mode and first-order diffracted mode 
are extracted using Fourier transform of the transmitted fields ............................... 26 
 
3.1  Illustration of the metasurface used as a CD spectrometer using the photonic 
spin Hall effect. The spin components of the incident broadband source are 
reflected in opposite directions, and each wavelength component is reflected 
at a different angle. As a result, LCP and RCP spectra are obtained 
simultaneously. Colors are used for illustration and do not represent the 
wavelength values used in this work. ...................................................................... 30 
 
3.2 ((a)Schematic of a unit cell of a gap-plasmon based antenna structure consisting 
of gold/alumina/gold structure. Silicon substrate carries the metasurface and 
plays no role in the operation. (b) Top view of the unit cell, with nano-
antenna dimensions  and . (c) Top view of the unit 
cell, with the nano-antenna tilted at an angle . (d) Simulation results of 
circular co-polarized reflection power (red) and cross-polarized reflected 
power (blue). (e) Field emission scanning electron microscope (FE SEM) 
image of the metasurface, with dashed rectangle to demonstrate one period of 
the structure.............................................................................................................. 33 
 
3.3  (a) Schematics of the experimental setup for testing the metasurface. A tunable 
monochromatic source, a polarizer, and a retarder are used to obtain circularly 
polarized incident beams for different wavelengths. Measurements are taken 
using a rotating arm device which allows rotation of detector to collect the 
reflected ray as a function of reflection angle .  (b) Experimental results of 
reflected power for LCP and RCP incident beams at different wavelengths as 
a function of reflected angle showing discrimination of LCP and RCP spectra. .... 34 
 
4.1 Top-view schematic geometry of a single nano-antenna. (a) Designed 
dimensions of an elemental 30-nm thick nanoantentenna; (b) nano-antenna 
tilted at angle α with respect to x-axis. Inset: PA ϕ between the E-field and 
the horizontal (x-) axis. Light propagates perpendicular to the xy-plane (out of 
the figure plane) ....................................................................................................... 38
ix 
 
Figure                                                                                                                             Page   
 
4.2  Metasurface structure for circular beam splitting: (a) Effect of the metasurface 
on circularly polarized incident light, (b) Applying superposition to obtain 
circular beam splitting effect for linearly polarized incident light; a part of the 
beam is transmitted normally with no change ......................................................... 39 
 
4.3   The metasurface structure that performs optical rotation. It consists of two 
sub-arrays (in blue and red) causing circular polarization splitting in two 
opposite diffraction directions. In each diffraction direction, LCP and RCP 
add up to retrieve linear polarization. The two sub-arrays are separated by an 
offset distance p, causing a phase shift between the LCP and the RCP, which 
results in rotation of angle of polarization for the linearly polarized output 
light .......................................................................................................................... 41 
 
4.4  (a) The overall action of metasurface structure that performs optical rotation. 
There is a normal output beam with the same polarization as the input, and 
one of two anomalous output beams of interest deflected by an angle θ and 
optical rotation occurs to that beam by an angle 450. (b) FE SEM top image of 
the fabricated sample with dashed rectangle to demonstrate the supercell ............. 42 
 
4.5  (a) Schematics of the experimental setup for testing the metasurface in the 
transmission mode. (b) Experimental results for incident PA φi = 0 showing 
that output power is at φ0 = 450. (c) Experimental results for incident PA φi = 
450 showing that output power is at φ0 = 0 .............................................................. 45 
 
4.6  (a-c) Experimental setup and results for testing the metasurface in the 
reflection mode from the nanoantenna side. For φi = 0, the output power is at 
φ0 = - 450, and for φi = 450, the output power is at φ0 = 0. (d-f) The setup and 
observed results in the reflection mode from the glass side. For φi = 0, the 
output power is at φ0 = 450, and for φi = 450, the output power is at φ0 = 900 .......... 44 
 
4.7  Experimental results for transmitted power at different wavelengths, with 
normally incident light for incident PA φi = 00.  The output power is at φ0 = 
450 similar to fig 4.5(b) for a broadband wavelength range from 1.05μm to 
1.7μm. For each wavelength, the peak intensity occurs at a diffraction angle 







Figure                                                                                                                             Page   
 
4.8  (a) Schematic of a unit cell of a gap-plasmon based antenna structure 
consisting of gold/alumina/gold structure. Silicon substrate carries the 
metasurface and plays no role in the operation. (b) Top view of the unit cell, 
with nano-antenna dimensions  and . (c) Top view of 
the unit cell, with the nano-antenna tilted at an angle  .......................................... 47 
 
4.9    Inset: PA ϕ between the E-field and the horizontal (x-) axis. (a) Schematics of 
one period of the metasurface consisting of two rows, where each row splits 
the incident beam by reflecting LCP (orange color) and RCP (purple color) 
into opposite sides. Alternating rows reflect opposite spins on the same side 
due to opposite gradient of antennas orientations. Displacement of alternating 
rows by quarter a period causes RCP phase delay with respect to LCP in both 
sides of reflections by .  (b) Schematics of the whole metasurface which 
performs optical rotation to the reflected beams by due to induced phase-
shift between different spin components. (c) FE SEM of the metasurface with 
dashed lines representing one period.  (d) Reflected Power from metasurface 
for the left reflected beam as a function of wavelength and reflection angle rθ , 
showing that for each wavelength, maximum intensity occurs at 
sin r Pθ λ= −  ........................................................................................................... 48 
 
4.10 Schematics of the experimental setup for testing the metasurface. A tunable 
monochromatic source, a polarizer, and a retarder are used to obtain circularly 
polarized incident beams for different wavelengths. Measurements are taken 
using a rotating arm device which allows rotation of detector to collect the 
reflected ray as a function of reflection angle  ...................................................... 49 
 
4.11 (a-d) Polarization state results for incident PA values of  
respectively. For each case, the ratio of the power at both the required 
polarization state and its orthogonal state with respect to the total power are 
plotted. Almost all the power is in the polarization state confirming the 
relation , and almost no power at the orthogonal state. For each 
wavelength, polarization measurement was obtained at the angle of maximum 
reflected power of sin / P
r
θ λ= −






Figure                                                                                                                             Page   
 
5.1  Comparison in phase and resonance conditions between: (a) conventional 
resonator (b) resonator with reflecting metasurface. (c) 3D view of a specific 
cavity design based on gap plasmon resonance ....................................................... 54 
 
5.2  (a) Cross-section of cavity structure and demonstration of the plane-wave 
excitation used in simulation (b) simulation results for the diameter of silver 
disk D = 40, 50, 75, and 90 nm ................................................................................ 55 
 
5.3   (a) Nano-cavity structure with nano-stripes and demonstration of the plane-
wave excitation used in simulation (b) simulation results for the width of 
silver stripes D = 40, 50, 60, 70 and 90 nm ............................................................. 55 
 
5.4   (a) Nano-cavity structure with nano-stripes of two different width D1 and D2 
tailored to resonate at two wavelength. (b) Simulation results while fixing the 
smaller width D1 and varying D2. (c) Results with different D1 for same D2 .......... 57 
 
6.1   Schematic of a light beam incident on a space-time gradient metasurface with 
angle of incidence , reflected beam with angle of reflection , and 
transmitted (refracted) beam with angle of transmission (refraction) ................. 62 
 
6.2  (a) Light reflected from a space-gradient metasurface inducing tangential 
momentum discontinuity. The dashed red line represents the reflected beam 
without the metasurface effect. (b) Light reflected from a time-gradient 
metasurface inducing energy discontinuity and changing the isofrequency 
curve. The dashed red line represents the reflected beam without the 
metasurface effect. (c) Time-reversal test of a space-gradient metasurface. 
Red dashed line denotes reciprocal propagation of light. (d) Performance of a 
time-gradient metasurface in time-reversal with the dashed green and blue 
lines denoting the nonreciprocal traces of the incident and reflected beams 
respectively .............................................................................................................. 64 
 
6.3  (a) Schematics of reflection angle from a time-gradient metasurface. (b) 







Figure                                                                                                                             Page   
 
6.4   (a,b) Schematics of an optical isolator with uni-directional light flow using a 
time-varying metasurface and two high quality resonators. (c,d) An optical 
isolator with same input/output frequency using two time-varying 
metasurfaces and a high quality resonator ............................................................... 67 
 
7.1   Conceptual demonstration of an ultrafast metasurface. An ultrashort pulse is 
applied and demultiplexed. Its phase locked frequency components are fed to 
the nano-hole metasurface which acts as a secondary source of the frequency 
components. Far field interference of these waves generates an ultrafast beam 
pattern ...................................................................................................................... 70 
 
7.2    Demonstration of phase-locked array of cylindrical waves ..................................... 71 
 
7.3    Coordinate system used in mathematical formulations ........................................... 72 
 
7.4   Plot of Eq (7.2) with respect to sinθ and t. We have substituted 0 1.5 mλ µ= ,  
750d nm= , 10f GHz∆ = , and used 21 frequency comb lines (2 1 21N + = ) .......... 73 
 
7.5   Beam steering with 0 / 2d λ< . In this case, the angle of view is 180
0
, and we 
get a dead time zone with no beam .......................................................................... 74 
 
7.6   Beam steering with 0 / 2d λ= . In this case the beam is adjusted to exist at all 
the times with an angle of view 1800 ....................................................................... 75 
 
7.7   Simulation result for beam steering with 0 / 2d λ= . In this case the beam is 
adjusted to exist at all the times with an angle of view 1800. We have 
substituted 0 1.5 mλ µ= ,  750d nm= , 10f GHz∆ = , and used 41 frequency 
comb lines (2 1 41N + = ). Simulation results show light intensity at various 









Figure                                                                                                                  .........   Page 
 
7.8   Simulation result for beam steering with 0 / 2d λ< . In this case, the angle of 
view is 1800, and we get a dead time zone with no beam. We have substituted 
0 1.5 mλ µ= ,  500d nm= , 10f GHz∆ = , and used 41 frequency comb lines 
(2 1 41N + = ). Simulation results show light intensity at various time instants 
calculated according to Eq (7.1) .............................................................................. 77 
 
7.9   Simulation result for beam steering with 0 / 2d λ< . In this case, simultaneous 
beams are generated at the same time at different angles. We have substituted 
0 1.5 mλ µ= ,  500d nm= , 10f GHz∆ = , and used 41 frequency comb lines 
(2 1 41N + = ). Simulation results show light intensity at various time instants 
calculated according to Eq (7.1) .............................................................................. 78 
 
7.10 Possible implementation of a beam steering setup. An incident ultrashort pulse 
is spectrally resolved using a grating, and a lens is used to direct focus 
spectral components to an array of nano-slits that operate as a secondary 
sources of omni-directional cylindrical waves ........................................................ 79 
 
7.11 Conceptual schematic of an ultrafast laser beam steering device. Spectral 
components of incident ultrashort pulse are redistributed to interfere in space 
and time together to produce a rotating beam .......................................................... 80 
 
7.12 Possible experimentation of the beam steering action. The correlation between 
the two detectors is maximum when the tuned delay is matched to the time 
the beam takes to rotate between the two detectors. The location of the 




Shaltout, Amr M. Ph.D., Purdue University, December 2015.  Photonic Metasurfaces for 




The emergence of photonic metasurfaces - planar arrays of nano-antennas - has 
enabled a new paradigm of light control through wave-front engineering. Space-gradient 
metasurfaces induce spatially varying phase and/or polarization to propagating light. As a 
consequence, photons propagating through space-gradient metasurfaces can be 
engineered to undergo a change to their momentum, angular momentum and/or spin 
states. 
In our study, we implement metasurface-based devices that break the spin symmetry 
of light to obtain Photonic Spin Hall Effect (PSHE). We utilized PSHE to design a real-
time circular dichroism spectrometer, a device vital in bio-sensing, and an optical rotator 
used in secure quantum communications. In addition, we developed metasurface based 
Fabry–Pérot nano-cavities, which go beyond the diffraction limit of light, a requirement 
to enhance photonic spontaneous emission using the Purcell effect.  
In addition, we demonstrate that the field of flat photonics is further empowered by 
utilizing time-gradient metasurfaces with dynamic responses to propagating light. A new 
genus of optical devices and physical effects can be realized. Photons experience inelastic 
interactions with time-varying metasurfaces resulting in a Doppler-like wavelength-shift. 
Furthermore, Snell’s relations are modified to a more universal form not limited by 
Lorentz reciprocity, hence meeting all the requirements to build magnetic-free optical 
isolators. 
Finally, we construct the concept of ultrafast metasurfaces. We integrate spatial 
interference methodology delivered by metasurfaces and temporal interference of phase-
xv 
 
locked frequency-comb provided by ultrafast technology. This leads to generation of 
coherent 4D space-time optical patterns, which is implemented to achieve ultrafast laser 
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1.1 Optical metamaterials and metasurfaces 
 
Optical metamaterials are artificial materials which are tailored to achieve optical 
properties that transcend properties of natural materials, by engineering light-matter 
interaction at the structural level rather than the atomic\molecular level.  These include 
negative index of refraction materials[1-4], metamagnetics[5, 6], perfect lenses[7], 
invisibility cloaks[8, 9], hyperlenses[10-12], optical black holes[13, 14] and hyperbolic 
metamaterials[15-17].  
There has been a tremendous progress over the last decade to implement these kinds 
of 3D metamaterials. However, the realization of commercial devices for the hoped-for 
applications seems a long-way off.  The development of full scale technology of 
metamaterials is highly challenged by the very high dissipative losses, cost-ineffective 
fabrication and very complicated integration[18]. These factors are delaying industrial 
production of metamaterial based optical devices. 
Two complementary research approaches are recently developed to cope with these 
challenges on the structural level as well as the material level. For the structural 
development, the rise of optical metasurfaces (2D metamaterials)[19-22] have 
dramatically reduced the fabrication complexity for metamaterials being more readily 
assembled and suitable for on-chip application. In addition, the reduced dimensionality of 
metasurfaces has enabled the potential for new physical effects which do not have 
volumetric counterparts, such as the relaxation of Snell’s relation[23]. Furthermore, 
planar structures offer a simpler approach for implementing tunable devices, as it 
becomes possible to reconfigure the whole structure and implement modulating schemes 
with planar layers. Simultaneously, a complementary research approach is going on to 
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develop new plasmonic materials along with noble metals such as transparent conducting 
oxides and transition metal nitrides[24]. They provide additional properties such as 
tolerating difficult operating environment and very high temperatures, and they can be 
fabricated using CMOS compatible processes. So far, noble metals are used in most of 
metasurface applications because they provide higher quality of plasmonic resonances in 
the visible and near infrared wavelength regimes. Nevertheless, recent results have shown 
that Zirconium Nitride (ZrN) can attain optical properties similar to that of gold [25] 
which can pave the way to integrate all the benefits of optical metasurfaces and 
alternative plasmonic materials. 
In this work, we are focused on structural development of metasurfaces and their 
various functional operations. Metasurfaces consist of planar arrays of nano-structured 
antennas which induce spatially varying phase and/or polarization to propagating light. 
As a consequence, photons propagating through metasurfaces can be engineered to 
undergo a change to their momentum, angular momentum and/or spin state. This has led 
to a relaxation of Snell’s law [19], a pivotal relation in optical engineering, and has 
enabled a whole new family of flat optical devices. Below is a brief discussion of the 
most common metasurface based applications that are implemented through controlling 
local phase and/or polarization. 
 
1.2 Phase-gradient metasurfaces 
 
Optical metasurfaces added an extra degree of control over light flow by introducing 
discontinuous change to the phase of light in contrast to the accumulative volumetric 
response. The space-gradient of the phase across the metasurface induces a discontinuity 
in the momentum of reflected and refracted photons. This led to relaxation of Snell’s 
relation according to the following formulas[19]:  
 




where ,  and  are the x-components of the wave-numbers of incident, reflected 
and transmitted waves, respectively. And msψ  is the phase-shift induced by the 
metasurface. 
These capabilities of modifying such an essential law of optical design unleashed a 
whole new class of ultrathin flat devices. By judiciously locating nano-antennas with 
varying phase response across the metasurface, their holographic far field interference 
can be designed to obtain an optical response at will. They have been successfully 
implemented to perform light bending[19, 20, 26], flat lenses[27-29] and holographic 
imaging[30-34]. Their ability to induce tangential photonic momentum to photons 
enabled the generation of vortex beam which carry orbital angular momentum using deep 
subwavelength layer[19, 35].  
 
1.3 Polarization-gradient metasurfaces 
 
In addition to space-gradient phase-shift metasurfaces, a lot of other interesting 
applications are obtained through metasurfaces with a space-gradient polarization 
discontinuity. Using nano-antenna structures with broken symmetry, successful 
implementations of these metasurfaces have been demonstrated to obtain various devices 
including quarter-wave plates[36, 37], half-wave plates[38, 39], as well as 
bianisotropic[40-42] and chiral metasurfaces[43-49].  
Special interest is also given to circular polarizations (optical spins) due to the 
simplicity of obtaining continuous values of phase-shift ranging from 0 to 2π just using 
Pancharatnam-Berry phase[50] by adjusting the orientation angle of anisotropic nano-
structures or nano-antennas. This method has the advantage of using oriented replicas of 
a single design of antenna, and hence, the functionality is robust against fabrication’s 
tolerances in dimensions and/or material properties as long as any variation is uniform 
along the whole antenna array. In addition, the Pancharatnam-Berry phase has opposite 
signs for left-(LCP) and right-circular polarizations (RCP) which has been utilized to 
obtain the photonic spin Hall effect (PSHE) – the effect of spatially separating LCP and 
RCP photons. Metasurfaces utilizing the PSHE have been demonstrated many times in 
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literature[21, 22, 51-53], and some other devices are developed based on this effect like 
dual polarity lenses[29]. Additional effects have  also been developed based on spin 
dependent performance like optical rotation[49] which requires differential optical delays 
between LCP and RCP. 
The control of metasurfaces over polarization motivated the implementation of 
polarization sensing and spectroscopy devices such as the measurement of Stokes’ 
parameters[54, 55] and a circular dichroism spectrometer[56] which measures the 
spectrum of the differential response between LCP and RCP. These kinds of 
measurements are important for bio-chemical applications where chiral structures, which 
have a differential response with respect to the optical spin, are very prominent. 
Metasurfaces have been shown to provide simple, compact, and efficient platform for 
these vital applications.  
With such a wide variety of impactful devices being demonstrated using space-
gradient metasurfaces, there has been a strong interest to optimize these devices in terms 
of power efficiency so as to push their impact towards obtaining commercial devices.  
 
1.4 Power-efficient metasurfaces 
 
For metasurfaces, there are two figures of interest.  One is the phase coverage, and 
second is the power efficiency.  We ideally would like to design metasurfaces with full 
2π phase coverage with large power efficiency.  2π phase coverage cannot be achieved by 
plasmonic resonances since they provide only π phase coverage.  V-shaped and 
geometric phase-shift methods have been used to have 2π phase coverage.  However, 
they are still limited by their power efficiencies.  The major part of unused power is not 
due to metallic losses as in the case of multilayered 3D metamaterials, but mostly due to 
poor coupling efficiency of the single layered plasmonic antennas to the required phase-
controlled mode called the anomalous mode. This results in most of the power being 
unchanged by the metasurface (called the normal mode). 
Different approaches have been used to overcome this problem including Huygens’ 
surfaces[26, 57], gap-plasmonic metasurfaces[37, 58-62], and dielectric metasurfaces[63-
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65]. Huygens’ surfaces control light directivity by using nanostructures that control 
electric and magnetic dipoles simultaneously to suppress reflection. Gap-plasmonic 
metasurfaces use a metal/dielectric/metal sandwich that excites a slow gap-plasmonic 
wave that induces a phase shift along the nano-antenna dimensions before they couple 
back to reflected propagating waves. Dielectric metasurfaces avoid using lossy metals by 
using high-index dielectric nanostructures that can excite both electric and magnetic 
dipoles that can be independently controlled to minimize reflection and obtain a 
transmission near unity. As a result, the progress in the metasurface research is going 
forward towards providing very compact and power-efficient nanophotonic devices.  
 
1.5 Reconfigurable Dynamic metasurfaces 
 
Optical metasurfaces provide a suitable technology platform towards the realization 
of ultra-compact, two dimensional, reconfigurable optical devices that can be modulated 
using mechanical, electrical, or optical means. Control over the optical properties of the 
metasurface will enable applications such as beam steering[66-71], Laser remote 
sensing[72, 73], axial scanning of focusing lenses[74, 75], tunable selective filtering, and 
optical modulation. There have been some demonstrations of reconfigurable technologies 
and efforts are still being carried out in order to obtain stable real-time dynamic operation 
of metasurfaces. 
Technologies that are being developed to control optical operations can be classified 
into those utilizing mechanical, electrical, or optical modulation techniques. Many 
technologies are developed for mechanical reconfigurability. These include metasurfaces 
with structural tunability[76-79] and stretchable substrates. Strechable films[80-88] have 
been developed in order to enable flexible shaping of the substrate. Another 
demonstration of flexible metasurfaces has shown tunability of filtering colors[89]. This 
technology can also be utilized to obtain dynamic beam applications such as beam 
steering or axial scanning. Metasurfaces fabricated on top of a stretchable substrate can 
have a variable periodicity upon stretching and relaxing the substrate. By changing the 
periodicity of a beam bending metasurface[19, 20], the deflection angle of the output 
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beam is varied. Therefore, by applying an oscillating force to the stretchable substrate, 
it’s possible to get a real-time beam scanning. Similarly, building a meta-lens on a 
flexible substrate enables axial scanning. 
Reconfigurable nanoantennas[90, 91] is an alternative approach to using stretchable 
substrates. Reconfigurable microfluidic metasurfaces are also obtained either by utilizing 
channels of liquid polymer[92] or liquid metal[93-95]. Antennas can be reconfigured in a 
way that is exactly similar to changing the periodicity of the substrate leading to beam 
steering and other dynamic optical responses. Other morphological nanostructures such 
as kirigami structures[96-101] can also be used and they provide much larger dynamic 
range than stretchable metasurfaces.  
Using electrical means to tune metasurfaces is of special interest because it easily 
connects to industrial technologies. Electrically tunable metasurfaces can be obtained 
through utilizing a tunable varactor based impedance[68, 102-104], but this is limited to 
radio-frequencies, microwaves and possibly terahertz regimes. There have been 
demonstrations of modulating optical properties of graphene[105-113] which can operate 
in the far infrared. Operation in the near infrared and visible regimes can be possible by 
through free-carrier modulation[114, 115] which went to visible regime through utilizing 
transparent conducting oxides[116]. 
Optical modulation is by far the fastest modulation technology. Ultrafast modulation 
is critical to obtain interesting physical effects to be discussed in the following section. 
Ultrafast modulation optical modulation of terahertz metamaterials has been successfully 
implemented[115, 117, 118].  In these regards, recent results have demonstrated that 
optical modulation of Aluminum-doped Zinc Oxide (AZO) resulted in free carrier 
modulation with sub-picosecond carrier dynamics[119] at the telecommunications 
wavelength. The operation was near the epsilon-near-zero (ENZ) wavelength enabling a 
large optical response for a small change in the optical properties. 
So far, most undergoing efforts to obtain dynamic metasurfaces are motivated by 
implementing tunable versions of static metasurfaces. However, recent studies have 
shown that time-varying metasurfaces enabled new physical effects not present in static 
metasurfaces, and new sets of devices are possible only with dynamic metasurfaces.  
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1.6 Time-gradient metasurfaces and non-reciprocity 
 
The impact of reconfigurable metasurfaces exceeds implementing tunable optical 
devices. It has been recently demonstrated that the field of flat photonics is further 
empowered by utilizing time-gradient metasurfaces with dynamic responses to 
propagating light. A new genus of optical devices and physical effects can be realized 
provided one can overcome some fundamental limitations of metasurfaces with space-
gradient alone[120, 121].  
With the inception of metasurfaces with space-gradient phase discontinuity[19], 
Snell’s law has been generalized to include a discontinuity in the tangential momentum 
of propagating photons. This enabled engineering angles of reflection and refraction at 
will with flat, ultra-thin metasurfaces. It have been have shown that by introducing a 
dynamic (i.e. temporal) change to the phase-discontinuity, the photon energy 
conservation constraint is eradicated, and Snell’s law can be modified to an even more 
universal form not limited by Lorentz reciprocity, hence, meeting all the requirements for 
building magnetic-free optical isolators[120]. Furthermore, light experiences inelastic 
interaction with time-gradient metasurfaces, which modifies photonic energy eigenstates 
and results in a Doppler-like wavelength shift. Another study demonstrated non-
reciprocal electromagnetic induced transparency (EIT) effect[121]. A space-gradient 
metasurface was designed to obtain a narrow EIT transparency window within an opaque 
bandwidth. Then it’s shown that non-reciprocity occurs by utilizing space-time gradient 
metasurface causing the center frequency of the EIT window to change with different 
incident directions. This technique can be implemented to build ultrathin optical isolators. 
 
1.7 Overview of the thesis 
 
In this thesis, several topics regarding optical metasurfaces are covered. In Chapter 2, 
a bianisotropic model for plasmonic nano-antennae is developed. The nano-antenna is the 
unit structure of the metasurface, and this model provides an in-depth understanding of 
the light-matter interaction inside the metasurface. The model also accounts for the role 
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of symmetry breaking inside the nanostructure and its effect on the waves. It can also be 
used to develop high speed numeric solvers. By replacing the detailed nano-structures of 
the plasmonic antennae with homogeneous bi-anisotropic tiles, meshing is dramatically 
reduced. An FDFD solver is developed using the bi-anisotropic material model. A 
simulation is performed to a phase gradient metasurface with the bi-anisotropic 
approximation, and good agreement is obtained with a finite element simulation of the 
exact nano-sturucture. 
In Chapter 3, we design and implement spin-dependent metasurfaces to operate as a 
circular dichroism spectrometer. These operations are obtained through phase gradient 
metasurfaces which have a differential response to right and left circularly polarized 
incident light. To overcome the power efficiency limitation, gap-plasmonic antennas are 
used. Their dimensions are optimized such that all the reflected power of circularly 
polarized light is controlled by the geometric phase induced by the orientation of the 
antennas. This has enhanced the power efficiency by an order of magnitude. A circular 
dichroism spectrometer is also implemented using this technology with 40% power 
efficiency in the NIR region. 
In Chapter 4, we design and implement a metasurface based optical rotator. The 
chiral response in these metasurfaces is not achieved using chiral antennas, but rather 
obtained through the coherent response of the array.  Successful rotation of linearly 
polarized light by 450 is achieved using a metasurface with λ/50 thickness. The structure 
is also implemented using gap-plasmonic antennas to enhance the power efficiency by an 
order of magnitude. A circular dichroism spectrometer is also implemented using this 
technology with 40% power efficiency in the NIR region. 
In Chapter 5, we design novel nano-cavities with metasurface based mirrors. This 
novel approach dramatically changes the constraints on the size and capabilities of 
conventional cavities.   In conventional Fabry–Pérot cavities, a resonance is obtained 
through constructive interference of waves circling back and forth inside the cavity. It is 
required that the round trip phase propagation be an integer multiple of 2π to exhibit 
resonant behavior. This means that the minimum size of the cavity cannot go below λ/2. 
It also allows resonances only at higher frequencies which are integer multiple of the 
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fundamental frequency. Replacing one of the Fabry–Pérot mirrors with a reflecting 
metasurface totally changes the resonance condition. The metasurface can cause a large 
abrupt change in the phase shift of the reflected wave, decreasing the amount of required 
phase accumulated by propagation inside the cavity. As a result, the length of the cavity 
can easily go below λ/2. Furthermore, by tailoring the dimensions of the metasurface 
elements, the nano-cavities can be designed to resonate at multiple wavelength which 
need not be integer multiples of each other, and are possible to be tailored to any values.  
In Chapter 6, the impact of time-gradient metasurfaces in developing non-reciprocal 
Snell’s relation of light flow is studied. Snell’s law relates the angles of incidence and 
refraction for light passing through an interface between two media. It is built on two 
fundamental constraints: the conservation of tangential momentum and the conservation 
of energy. By relaxing the classical Snell’s law photon momentum conservation 
constraint when using space-gradient phase discontinuities, optical metasurfaces enabled 
an entirely new class of ultrathin optical devices. Here, we show that by eradicating the 
photon energy conservation constraint when introducing time-gradient phase 
discontinuities, we can further empower the area of flat photonics and obtain a new genus 
of optical devices. With this approach, classical Snell’s relations are developed into a 
more universal form not limited by Lorentz reciprocity, hence, meeting all the 
requirements for building magnetic-free optical isolators. Furthermore, photons 
experience inelastic interaction with time-gradient metasurfaces, which modifies 
photonic energy eigenstates and results in a Doppler-like wavelength shift. Consequently, 
metasurfaces with both space- and time-gradients can have a strong impact on a plethora 
of photonic applications and provide versatile control over the physical properties of 
light.  
In Chapter 7, we study integrating metasurface based devices with ultrafast 
technology to enable ultrafast laser beam steering.  We integrate spatial interference 
methodology delivered by metasurfaces and temporal interference of phase-locked 





response which is ultrafast. This methodology enables beam steering with a hundred 
picosecond period which is four orders of magnitude faster than state-of-the-art beam 
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2. BIANISOTROPIC HOMOGENIZATION OF 
METASURFACES 
 
In this work, ultrathin metamaterial layers are modeled by a homogeneous bi-
anisotropic film to represent various kinds of broken symmetries in photonic 
nanostructures, and specifically in optical metamaterials and metasurfaces. Two 
algorithms were developed to obtain the electromagnetic (EM) wave response from a 
metasurface (direct solver) or the metasurface parameters from the EM wave response 
(inverse solver) for a bi-anisotropic, subwavelength-thick nanostructured film. The 
algorithm is applied to two different metasurfaces to retrieve their effective homogeneous 
bi-anisotropic parameters. The effective layer of the same physical thickness is shown to 




Metasurfaces have been used for manipulating light in a controllable manner using 
flat structures rather than 3D complicated structures. They provide their intended 
functionality through a 2D array of nano-antennae that change the phase and/or 
polarization of light passing through them. This technique has been used to implement 
important applications such as light bending [20, 23], flat lenses [27], circular polarizers 
[122], half-wave plates [38, 123], quarter wave plates [124, 125] and optical rotators[43, 
44, 126]. In order to develop metasurfaces and fully analyze their functionalities, it is 
important to have an accurate and efficient model to describe the unit cell of the surface 
nanostructure. In this work, we have developed a model for metasurface layers with a 
thin, homogeneous, equivalent film. Using this framework, metasurface designers can 
then obtain insight on how best to use the unit-cell structures. 
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Most of metasurface designs depend on symmetry breaking in the nanostructure, 
such as rotational symmetry, mirror symmetry or directional symmetry. A bi-anisotropic 
model would be quite general and useful option for the homogenization of metasurface 
designs. The goal is to obtain a homogenous bi-anisotropic film that will generate the 
same values of the complex coefficients for reflection and transmission as those obtained 
by the real metamaterial structure. Homogenization using reflection and transmission 
coefficients has been used for permittivity and permeability retrieval [127], but non-
physical dispersion relations may occur due to limitation of the model, and lack of 
representation of bi-anisotropy, chirality and spatial dispersion [128]. Bi-anisotropy has 
been used to account for directional asymmetry[129], and in this work a general bi-
anisotropic tensor is used to account for bi-anisotropy, chirality and linear spatial 
dispersion. The model is only limited by higher order spatial dispersion terms, however, 
their effect will significantly decrease in thin films and the linear spatial dispersion term 
will dominate. Detailed discussions on the physical meaning of metamaterial constitutive 
parameters can be found in [128, 130]. The work is done by first solving for the 
transmission and reflection coefficients of a bi-anisotropic layer developing a direct 
solver. Then, it is solved for a bi-anisotropic film that accurately represents our structure, 
thus developing an inverse solver. After explaining the details of the process, the 
algorithm is implemented to homogenize two specific structures that are commonly used 
in metasurface applications.  
 
2.2 Direct and Inverse Solvers 
 
The first step in the homogenization process is to compute the complex reflection 
and transmission coefficients for a thin, bi-anisotropic film of known parameters. Table 1 
clarifies the complex reflection and transmission coefficients (4-port S-parameters).  
As shown in Table 2.1 and further illustrated in Fig. 2.1, the subscripts of S-
parameters represent the output and input sides respectively (1 – superstrate, 2 – 
substrate), while their superscripts represent the polarization of the output and input 
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waves respectively. There also exist the other set of eight coefficients for the waves 
incident at the substrate side (side 2). 
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The co-polarized reflection relation is described by qq q qjj j jS E E± = ∓  using the complex 
co-polarized transmission coefficient qqjjS , where { }x, yq = . In contrast, the cross-
polarized reflection relation is described by pq q pjj j jS E E± = ∓  using the complex co-polarized 
reflection coefficient pqjjS , where { }x, yp =  for { }y, xq = . In the both cases (of co- or 
cross-polarized) reflections 1j = , for ‘+’, or 2j = , for ‘-’. The co-polarized transmission 
relation is described by qq q qij j iS E E± = ∓ , where { }x, yq = . The cross-polarized 
transmission is defined by pq q pjj j jS E E± = ∓ , where { }x, yp =  for { }y, xq = . In both cases 







Fig. 2.1. Demonstration of co-polarized and cross-polarized reflection and 
transmission coefficients for an x-polarized input plane wave from the 
front size. The incident wave is indicated in blue, and the reflected and 
transmitted waves are in red. The direction of E and H fields are shown by 
arrows. 
 
The electromagnetic (EM) waves propagating inside the bi-anisotropic structure 
satisfy the following material equation for the field components of a normally incident 















         =          
D E
B H
      (2.1) 
where ( )
T
x yD D=D ,  ( )
T
x yE E=E , ( )
T
x yB B=B ,  ( )
T





     











     





     
=ζ . The parameters ε,  µ  are the relative 
permittivity and relative permeability tensors, and ξ,ζ  are the bi-anisotropic tensors. The 
free space constants of permittivity 0ε , permeability 0µ and speed of light c  are used to 
normalize the model. We use tensors to represent the rotational asymmetry (anisotropy). 
The diagonal terms of ξ ζ,  model the mirror asymmetry effect (chirality) and their off-
diagonal terms are responsible for breaking the directional symmetry of the propagating 
wave. The eigenmodes excited inside the bi-anisotropic medium are in general elliptically 
polarized [131], and we cannot decouple the transverse-electric (TE) and the transverse-
magnetic (TM) waves inside the film.  
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         ∇× = −    −       
H E
E H
      (2.2) 
 





ι=V AV       (2.3) 
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  =    
A N , where 




, and 0 1
1 0
 −  =   
n ; it has a 









      (2.4) 
 
 
which is used to directly obtain the field components ( )zV  at any location inside the 
biansiotropic media using the components at the origin 
0z=
V . 
The eigendecomposition of the transfer matrix ( ) zz eι= AT  yields 
 
 
1,−=T UPU       (2.5) 
 
 
where exp zι  =  P K , ( )a b c ddiag , , ,k k k k=K , and ( )a b c d=U V V V V  is the matrix of 
four eigenvectors iV , corresponding to a matching eigenvalue ik , {a,b,c,d}i =  of matrix 
A . 
The eigenvectors aV ,
 
bV , cV , dV  represent four possible wavefronts propagating 
through the bi-anisotropic medium, and the eigenvalues are the wavenumbers 
corresponding to each eigenmode. Typically, two of the eigenvalues are positive and two 














a superposition of the four eigenvectors. Then the matrix P  applies a propagation term to 
each eigenvector. Finally, the matrix U  sums all four propagated eigenvector 
components of ( )zV . 
The reflection and transmission coefficients are obtained as we apply an x-polarized 
and a y-polarized wave. First, we apply an x-polarized input wave at the front-side 
(superstrate- side) with the normalized values x,inc 1E =  and y,inc 11H z= , where 1z and 2z
are respectively the intrinsic impedances of the superstrate and substrate. Then, we have 
the input-side vector due to the addition of incident and reflected wave in the following 





−=H nS , where ( )
T
x 1 0=I , and ( )
T
x xx yx
11 11 11S S=S  and ( )
T
x xx yx
21 21 21S S=S  are the 
complex reflection and transmission  coefficients. 
Therefore, after partitioning the transfer matrix ( ) 11 12
21 22
expl lι




 (l  is the 
thickness of the BA layer) and writing  
 
 2 11 1 12 1 2 21 1 22 1   and   ,= + = +E T E T H H T E T H       (2.6) 
 
we arrive at 
 
 
x x 1 x x
21 x 11 2 21 11 1 2 x 2 1,  ,z
−+ − + −= =+ +MS I S nS SM M I M
      (2.7) 
 
so that the complex reflection ( )
T
x xx yx
11 11 11S S=S  and transmission ( )
T
x xx yx
21 21 21S S=S  
coefficients for an x-polarized superstrate-side illumination, are finally defined through 












11 2 1 2 x2z z
−
− −− + +−   = − −      
S n M MM nM I       (2.8) 
  
 ( ) ( ) ( ) ( )
1 1 1 1
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S nM M M M M M I       (2.9) 
  
In a similar way, for y-polarized input ( )
T




11 11 11S S=S  and transmission ( )
T
y xy yy
21 21 21S S=S  coefficients for y-






11 2 2 2 y ,z z
−
− − + +− −   = − −      
n MS nMM IM     (2.10) 
  
 ( ) ( ) ( ) ( )
1 1 1 1
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S nM M M M M M I     (2.11) 
 
For back illumination (substrate illumination), using same route, we get 
x





−= − nSH . Using (6), we get:  
 
 ( )x x 1 x xx 22 12 2 221 x 122,  ,z−− −+ −= =I S I MS n S SM     (2.12) 
  
 ( ) ( ) ( ) ( )
1
1 1 1 1
2
x 1 1
22 1 22 1 x2z z
− −
−
− − − −
− − − −   = − +   
      








− − = +  
M nM IS     (2.14) 
 
Similarly for y-polarized input, we get:  
 
 ( ) ( ) ( ) ( )
1
1 1 1 1
2
y 1 1
22 1 22 1 y2z z
− −
−
− − − −
− − − −   = − +   
      










− − = +  
M nM IS     (2.16) 
 
And hence, all the complex reflection and transmission coefficients described in 
Table 1 are obtained. One major advantage of this direct solver is that it depends on 
simple matrix operations, which are reversible. This makes the development of the 
inverse solver straightforward as described in the following section.  
The inverse problem uses the complex reflection and transmission coefficients to 
obtain the corresponding material dyadics described in Eq. (2.1). This is accomplished in 
two steps. First the linear operator T is retrieved; then it is used to obtain all the material 
constants. For x- and y-polarized inputs used at the front ‘+’ and back ‘‒‘ side 
illumination, there are four sets of fields ( )j j j+ −=V V V , { }1,2j =  that can be used to 
form the equation:  
 
 2 1=V TV     (2.17) 
 
where all four illumination states are grouped together as: 
 
 
( ) ( )
( ) ( )
x y





1 x 1 y 1 1
2 21 2 21 2 2
x y
12 12
1 1 1 x 1 y
1 1 1 12
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x y
x 11 y 11
1 x y
x 11 y 11 1 12
,
.
z z z z
z z z z
− − − −
− − − −
 + +  =   − − 
 + +  =
−
  − − − 
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V
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    (2.18) 
 
From Eq. (2.17) and the connection between T  and A  given by exp lι=T A , an 
immediate result is that 
 
 ( )11 2 1ln .lι
−=A V V     (2.19) 
 

































      
= N V V
ε ξ
ζ µ
    (2.20) 
 
This concludes the retrieval of the BA parameters from a given set of complex 
reflection and transmission coefficients obtained upon four distinct illumination states. 
It is important to note that the eigendecomposition of ( )1 ln
lι
=A T , which is 
( )( )1 1ln
lι
−= UA P U  where P is the diagonal matrix carrying the eigenvalues of T , could 
suffer from phase ambiguity if one of the phase terms which are real parts of ak l , bk l , clk  
or dlk  is above π  or below π− , This should not be the case for a metasurface of sub-
wavelength thickness. Some techniques have been developed to overcome phase 
ambiguity for the retrieval of bulk media such as the one in [132] which performs the 
retrieval over a spectral range where there is no ambiguity at the largest wavelength. The 
technique then utilizes phase unwrapping along the remaining spectral range to remove 
the ambuguity. This can be implemented to our technique by applying phase unwrapping 
to the elements of the diagonal matrix P , but we don’t need it in our work with 
metasurfaces.  
 
2.3 Homogenization of nano-structures 
 
In this section, the algorithm is implemented to homogenize two different 
metasurfaces. One metasurface is an array of V-shaped, gold antennae with a thickness of 
30 nm fabricated on top of a silicon substrate. Figure 2.2(a) a unit-cell of structure with 
dimensions of 200 nm x 200 nm, and a V-shape angle of 600 between the two arms. Each 
arm has a length of 160 nm, and a width of 40 nm. The second structure, shown 
schematically in Fig. 2.2(b), has a unit-cell size of 300 nm x 300 nm and is composed of 
2 gold rods, each of a 250-nm length, a 40-nm width, a 30-nm thickness, a vertical 
separation of 80 nm, and an orientation angle of 450. These rods are embedded in a 200-







Fig. 2.2. The unit cell of the two nanostructures used as examples for the 
homogenization algorithm. A top view is presented for each to describe 
the x and y directions. 
 
The diagonal terms of ξ  and ζ  cause coupling between x- and y-polarized waves as 
demonstrated in the studies done to the bi-isotropic case [133], while their off-diagonal 
terms affect the relation between the electric and magnetic fields while keeping x- or y-
polarization, but causing the waves to experience different wave impedances for 
propagation in +z or –z direction. The structure of Fig 2.2(a) also has a broken directional 
symmetry due to the difference between superstrate and substrate plasmonic resonances, 
but the structure keeps its mirror symmetry with respect to x-axis causing negligible 
coupling between x- and y-polarized waves. Therefore, the model of this structure should 
contain only the off-diagonal terms of ξ  and ζ  and the diagonal terms should be 
negligible. However, the structure in Fig 2.2(b) lacks mirror symmetry with respect to x- 
or y-axis but has directional symmetry with respect to z-direction. Therefore its model 
should contain only the diagonal terms of ξ  and ζ . The inverse solvers were applied to 
transmission and reflection coefficients of both structures (obtained using FEM) and the 
results were as expected. Figure 2.3 shows the results of implementing the 





Fig. 2.3. (a) Effective slab parameters of the V-antenna structure. (b) 
Spectral phasor of reflection and transmission coefficients using FEM and 
effective Bi-anisotropic layer model. For all of them, the lower end point 
corresponds to 1 µm and the upper end point corresponds to 3 µm. 
 
The V-antenna structure is modeled as a 30-nm-thick, homogeneous slab. First, the 
FEM solver is used to obtain the complex reflection and transmission coefficients for a 
spectral domain of 1µm – 3µm. Then the inverse solver is applied to obtain the effective 
parameters of the slab. The retrieved results of the effective slab parameters are shown in 
Fig 2.3(a). This design has been used to achieve large phase shifts [20, 23] from 
operation near the plasmonic resonance wavelength, and indeed the effect of the 
resonance is clear in the retrieved effective parameters. Both the FEM simulation and the 
effective bi-anisotropic model reproduce the same reflection and transmission 
coefficients as shown in Fig 2.3(b). 
In this structure, we obtain only co-polarized reflection and transmission 
coefficients, with negligible values for cross-polarization coefficients. The directional 
asymmetry is noticed in the difference between reflection coefficients for the two sides of 
illumination. Still the transmission coefficients are symmetric (i.e. xx xx12 2 21S n S=  and 
yy yy
























































































would result in having xy yxζ ξ= −  and yx xyζ ξ= −  as mathematically proved in [129], so 
we needed only to show xyξ  and yxξ  in Fig 2.3(a). 
Now the algorithm is applied to the two rod structure which is modeled as a 
homogeneous bi-anisotropic slab with a thickness of 200 nm. The FEM solver is used to 
obtain the complex reflection and transmission coefficients for the spectral domain of 
2µm – 3µm. The retrieval algorithm is then applied to these data, and as in the previous 
case, the complex reflection and transmission coefficients obtained from the effective 
model match with these obtained from FEM simulation. The retrieval results are shown 
below in Fig 2.4. This structure has a mirror asymmetry or parity asymmetry and this 
results in the existence of the diagonal elements of the tensors ξ and ζ .This structure is 
exactly the same from both sides, and this directional symmetry causes the off-diagonal 
terms of ξ and ζ to be zero. 
 
 






































































2.4 Application in Numerical solvers 
 
Another important application of the homogenized model of the metasurface units is 
to develop fast full-wave solvers. By replacing the detailed nano-structures with 
homogenized tiles, the required meshing and time of simulation are dramatically reduced. 
The model is applied to replace a periodic array of eight antennae which are shown in 
figure 2.5, with their equivalent bianisotropic tiles. Then FDFD solver that incorporate 
bi-anisotropic terms is developed to simulate the simpler bianisotropic structure, and 
results are compared to FEM simulations of the exact nano-structures.   
 
 
Fig. 2.5. Bianisotropic homogenization replaces the fine meshing on the 
antenna structures with effective bianisotropic tensors. 
 
Equipped with FDFD, we are able to combine the compact descriptions of each 
constitutive antenna to describe a fully functional metasurface. Since the structures of V-
shape antennae only vary in one direction, the bianisotropic homogenization simplifies 
the full-wave FDFD simulation to a two-dimension problem (Figure 2.8).  
The formulation of the FDFD based on Maxwell’s equations for two-dimensional 
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                                
     (2.21) 
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Here 0k  and 0z  are the wave number and impedance of free space, correspondingly. 
The notation of FDFD is completed in the framework of matrix operators on a Yee grid 
[134]. Column vectors represent the electric and magnetic fields parallel to the 
metasurface. Square matrices represent linear mathematical operations performed on the 
column vectors. Four algebraic equations are written for every cell. 
First, we test the FDFD solver on a single V-shape antenna (60° splitting angle) and 
verify it through a comparison with the full structure simulation using FEM (COMSOL 
Multiphysics). For both the FDFD and FEM methods, periodic boundary conditions are 
applied on two sides of the V-shape antenna. The plane wave is excited at one port and 
exits the computation domain at the other port. From Figure 2.7, we can see that our 
approach converges well in both principal polarization (x) and secondary polarization (y) 
spectra, and the differences between FEM results and FDFD results are negligible. After 
validating the FDFD solver, we simulate the metasurface composed of arrays of eight 
effective bianisotropic tiles, where the total-field/scattered-field formulation is 
implemented. The scattered-field region is bounded by perfectly match layers. Periodic 
boundary conditions are applied to repeat the array of eight antennae. Figure 2.7 clearly 
shows that the anomalous field (under the y polarization) is propagating in a single 
direction which is determined by the generalized Snell’s law[23]. We also extract the 
zero-order diffraction mode of the normal fields and the first-order diffraction of the 
anomalous fields to obtain the power transmission percentage as shown in Figure 2.7. 
FDFD and FEM results are well matched in the regular antenna arrays, while some 
discrepancies show up in the complementary arrays. This discrepancy can be attributed to 
the stronger near-field interactions between neighboring antennae, which are ignored in 




Fig. 2.6. Implement the FDFD simulation on a single V-shape antenna 
(60° splitting angle) and verify it by comparison with the full structure 














































Fig. 2.7. (a,b) FDFD simulation of arrays of eight regular antennae 
represented by bianisotropic properties. Light is incident from the left with 
the electric field polarized in the x direction. White dashed lines indicate 
the position of the antenna array. The size of each antenna is 250 nm. The 
pitch of the antenna array (Г) is 2 µm. The thickness is 60nm. The 
wavelength () is 1.36 µm. 
 
 
Fig. 2.8. The normal and anomalous power transmission percentage are 
computed using both FDFD and COMSOL. Zero-order mode and first-
order diffracted mode are extracted using Fourier transform of the 
transmitted fields. 
 
The proof-of-concept FDFD formulation is implemented in MATLAB in our tests. 
The compiling and testing environment is dual 12-core AMD Opteron 6172 processors 
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in Figure 4.7 and Figure 4.8), the memory consumption is 2.4 GB. The grid size is 
currently limited by the thickness of the antenna. The non-uniform rectangular grids 
could be applied to further reduce the memory and computation time. For the FEM solver 
(COMSOL Multiphysics), 3D simulation is implemented in a direct solver, under the 
same dimension of computation domain with 80 nm maximum meshing size and 10 nm 
minimum meshing size. The memory consumption is 60 GB. Thus, modeling the 
metasurface by effective bianisotropic tiles no longer requires the fine meshing on the 




A new approach has been presented for the homogenization of optical metamaterials. 
An algorithm was developed which included a direct and an inverse solver based on an 
eigenwave analysis and a transfer matrix approach. This method of modeling and 
characterizing a metamaterial is useful for the design and use of metasurfaces. In 
addition, it provides insight into how these metamaterial layers affect an incident light 
beam. The used model is the most general bi-anisotropic model for normal incident 
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3. PHOTONIC SPIN HALL EFFECT AND METASURFACE 




Chiral structures possessing differential optical response to light circular polarization 
are very recurrent in biological and organic compounds. Attaining chiroptical effects is of 
immense bio-chemical importance, yet requires complicated structures. Circular 
dishroism (CD) spectrometers measuring the differential absorption between left- (LCP) 
and right-circular polarizations (RCP) involve complex hardware to switch laser 
polarization and manage data acquisition sequentially. Here, we present compact and 
power-efficient metasurface-based chiroptical spectroscopy solutions based on gap-
plasmon metasurfaces (GPMS). First, a minimalistic design of a real-time CD 
spectrometer is obtained by using the photonic spin Hall effect (PSHE) in a single GPMS 
which spatially separates LCP and RCP spectra. It is the smallest CD spectrometer to our 
knowledge. Another GPMS-based device built with the same approach rotates light 
polarization by 450 through adding a phase-shift between LCP and RCP. Thus, PSHE in 
GPMS can provide efficient solutions to vital applications including bio-sensing, DNA 
structural analysis, and stereochemistry. 
Circular Dichroism (CD) spectrometer is an important tool in sensing chiral 
molecules possessing differential optical response to light circular polarization.  These 
molecules are very recurrent in biological and organic compounds, and hence, CD 
spectrometer is used in biological material studies[135], protein and DNA structural 
analysis[136], and stereochemical detection[137]. Typical CD spectrometers perform 
sequential measurements of left- (LCP) and right-circular polarizations (RCP) [138, 139]. 
They are large in size and involve complex hardware to switch laser polarization and 
manage sequential data acquisition. Here, we seek an alternative chiroptical spectroscopy 
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technique that performs spatial separation of LCP and RCP. This can dramatically reduce 
the size of CD spectrometers and provide real-time sensing. 
Chiroptical spectroscopy built on the differential response between LCP and RCP 
requires chiral structures to obtain the L/RCP beams. With the advent of nanotechnology, 
multi-layer metamaterial structures with strong chirality have been demonstrated[140-
143]. Generally, the design and fabrication of such bulk chiral structures is complicated 
because they require layer-by-layer fabrication with each layer oriented and aligned with 
respect to the previous layer. The complexity can be drastically reduced by using 
metasurfaces[19]. 
In this work, we introduce a metasurface that exhibits the photonic spin Hall effect 
(PSHE)[51, 52, 144, 145]. It reflects different spins (circular polarizations) in opposite 
directions exhibiting mirror-symmetric reflection angle dispersion depicted in figure 3.1, 
and hence, generates separate spectra for LCP and RCP. Thus, by using a single, deeply 
subwavelength scale and lightweight metasurface, we eliminate the need of using a 
tunable light source that switches from LCP to RCP, a bulky natural chiral medium, and 
other more complicated detection schemes. This unique functionality can be obtained by 
using a broadband source, such as a xenon lamp or LED, which includes equal 
components of LCP and RCP, which are then spatially separated by the metasurface for 
straightforward detection. Not only does this metasurface enable a very compact device 
(130-nm thickness), but it also allows for a real time sensing due to simultaneous 
collection of the LCP & RCP data at all the wavelengths. First, we explain the 
methodology of the metasurface design, followed by experimental results of the device 
implementation. Then, we describe a projection of the proposed design principles onto 




Fig. 3.1. Illustration of the metasurface used as a CD spectrometer using 
the photonic spin Hall effect. The spin components of the incident 
broadband source are reflected in opposite directions, and each 
wavelength component is reflected at a different angle. As a result, LCP 
and RCP spectra are obtained simultaneously. Colors are used for 




To obtain a spin-dependent response, an array of anisotropic elements is used to 
achieve different phase gradients in response to LCP and RCP light, so that these 
circularly polarized components are reflected in different directions. This technique was 
introduced using polarization gratings [21, 22] with thick layers to achieve a π phase 
delay between the major and minor axes. Later, it was proposed to use anisotropic 
subwavelength aperture antennas [146], which are much thinner but have a poor power 
efficiency (only a few percent). Using gap-plasmon [30, 60, 61, 147-149] (GP) NA 
instead, it is possible to obtain the same function with a compact subwavelength structure 
and dramatically improved power efficiency. With this design we’re overcoming the poor 
power efficiency of single layered plasmonic metasurfaces such as those made with v-
antennas[20]. There have been also earlier demonstrations of effective GP structures in 
the microwave regime [58, 150]. The unit cell of a gap-plasmon structure is shown in 
figure 3.2(a). It has a bottom gold layer that works as a reflecting mirror, a top 30-nm 
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thick gold NA, and a 50-nm thick dielectric (alumina, Al2O3) spacer. The 
metal/dielectric/metal sandwich enables the excitation of a compact GP wave[60]. The 
incident plane wave couples to this slow GP wave which accumulates a large optical 
phase over the very short length of the NA. By tuning the aspect ratio (Lx/Ly) of the 
antennas geometry, we can indeed achieve a phase delay of π between the reflection 
coefficients of the GP NA along its major and minor axes. 
To present the operation of the entire device, we begin with analysis of a single NA. 
Let the complex coefficient of reflection for a single NA as shown in figure 3.2(b) in the 
x- and y-axis be 
 
and , respectively. Then, for the NA tilted at an angle 
 
in figure 
3.2(c), it is straightforward to obtain its reflection matrix in circular basis using the Jones 
calculus[151] as:  
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So, for an RCP incident wave, the reflected wave  takes the form:  
 
       (3.2) 
 
And for LCP incidence, we obtain:  
 
       (3.3) 
 
Therefore, we have two reflection terms, a co-polarized term with an abrupt phase 
term of ( ) for RCP (LCP) incidence, and a cross-polarized term with no phase 
gradient. We are interested in the first term only where the phase shift can be controlled 
by tuning . Therefore, we tailor our NA dimensions to minimize x yr r+  and maximize 
x yr r− , which imposes the out-of-phase requirement for  and . The dimensions of the 
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NA in fig 3.2(b) are chosen to optimize the performance of the structure in the near infra-
red (NIR) region.  Figure 3.2(d) shows the simulation results of the co-polarized reflected 
power component 2 4x yr r−  and the cross-polarized component 
2
4x yr r+  using a 
finite element solver with the Johnson-Christy material values for gold [152]. Simulation 
reveals that we have a broadband NIR range where the majority of the reflected power 
(up to ~50%) is in the co-polarized term which can be controlled by  according to 
equations (3.2) and (3.3). In our structure, we use a periodic array of four antennas 
rotated at angles , as shown in figure 3.2(e) which is the field emission 
scanning electron microscope (FE SEM) image of the metasurface. The four NAs form a 
linear phase distribution from 0 to ( ) for reflected LCP (RCP) beam across a 
period of . Therefore, by applying the generalized law of reflection [19], we 













      (3.4) 
 
The metasurface is fabricated on top of a silicon substrate, where the bottom 50 nm 
gold and the 50 nm alumina layers are implemented using electron beam deposition, and 
the 30 nm thick gold antennas are patterned using a standard electron beam lithography 
and lift off process. The experimental setup used to test the metasurface is shown in 
figure 3.3(a).  It consists of a tunable monochromatic source, a polarizer, and a retarder to 





Fig 3.2. (a) Schematic of a unit cell of a gap-plasmon based antenna 
structure consisting of gold/alumina/gold structure. Silicon substrate 
carries the metasurface and plays no role in the operation. (b) Top view of 
the unit cell, with nano-antenna dimensions  and . 
(c) Top view of the unit cell, with the nano-antenna tilted at an angle . 
(d) Simulation results of circular co-polarized reflection power (red) and 
cross-polarized reflected power (blue). (e) Field emission scanning 
electron microscope (FE SEM) image of the metasurface, with dashed 
rectangle to demonstrate one period of the structure.  
 
Measurements are taken using a spectroscopic ellipsometer device which allows 
rotation of the detector to collect the reflected ray as a function of reflection angle . 
Figure 3.3(b) shows the measurement taken for both LCP and RCP for different values of 
wavelengths in the range  plotted as a function of reflected angle . The 
reflected power is 40% at , and decreases gradually on both sides as predicted 
by simulation in figure 3.2(d). Complete separation of LCP and RCP spectra is 
demonstrated. Lithographical patterning of gold nano-structures increases the Au 
effective losses due to electron scattering at finer polycrystalline grain boundaries and 
additional surface roughness features. Efficiency can be enhanced with encapsulated 
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thermal annealing, which could significantly reduce the electron damping factors, and at 
the same time preserve the shape of nanostructures [153]. 
 
 
Fig. 3.3. (a) Schematics of the experimental setup for testing the 
metasurface. A tunable monochromatic source, a polarizer, and a retarder 
are used to obtain circularly polarized incident beams for different 
wavelengths. Measurements are taken using a rotating arm device which 
allows rotation of detector to collect the reflected ray as a function of 
reflection angle .  (b) Experimental results of reflected power for LCP 
and RCP incident beams at different wavelengths as a function of reflected 




In conclusion, a metasurface is designed and implemented to work as an extremely 
thin and small CD spectrometer in NIR. The photonic spin Hall effect is used for real 
time spatial separation of LCP and RCP spectra of an unpolarized source such as a lamp. 
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It eliminates the need for switching the light source polarization and any necessary 
hardware required for this operation. With a GP NA, the power efficiency of the 
metasurface is up to 40% - an order of magnitude larger than similar structures - because 
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We design, fabricate, and experimentally demonstrate an optically active 
metasurface of λ/50 thickness which rotates linearly polarized light by 450 over a 
broadband wavelength range in the near IR region.  The rotation is achieved through the 
use of a planar array of plasmonic nano-antennas which generates a fixed phase-shift 
between the left circular polarized and right circular polarized components of the incident 
light. Our approach is built on a new supercell metasurface design methodology: by 
judiciously designing the location and orientation of individual antennas in the structural 
supercells, we achieve an effective chiral metasurface through a collective operation of 
non-chiral antennas. This approach simplifies the overall structure when compared to 
designs with chiral antennas and also enables a chiral effect which quantitatively depends 
solely on the supercell geometry. This allows for greater tolerance against fabrication 
and/or temperature effects. 
An optically active material produces a different response to right circularly 
polarized (RCP) and left circularly polarized (LCP) light[154], thereby rotating the angle 
of linearly polarized light along the propagating direction. The importance of optical 
activity transcends optical applications and is of immense value to sensing applications in 
stereochemistry[155], molecular biology[156], crystallography[157], and secure quantum 
communications[158]. It is typically obtained using chiral structures, which do not 
superimpose onto their mirror image, lifting the degeneracy of LCP and RCP. The effect 
is generally weak in natural materials and detectable only when strong phase differences 
between LCP and RCP accumulate over a long optical path. With the advent of 
nanotechnology, strong optical activity using artificially structured materials have been 
demonstrated. To achieve the rotation of the electromagnetic field vectors, structures are 
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designed to rotate with angular offset along the propagation direction and possess 
directional mirror asymmetry. Design and fabrication of such chiral structures[45, 133, 
140-142, 159-161] is complicated because they require multiple fabrication steps to 
complete the angular rotations assigned for successive layers in a third dimension.  
Complexity can be reduced using optical metasurfaces, which have also been used to 
obtain optical activity (OA) using planar chiral structures[43, 44, 46-48], where optical 
activity was obtained either through intrinsic or extrinsic chirality of antennas. Intrinsic 
chiral antennas do not superimpose onto their mirror image, while extrinsic antennas only 
break mirror symmetry under oblique incidence and cannot obtain chiral properties if 
light is normally incident. For both cases, there has been no clear strategy to design a 




In this work, a desired OA is obtained using an optical metasurface with a different 
approach other than the intrinsic or extrinsic chirality of nanoantennas. Here, we present 
an array of nanoantennas, which individually are non-chiral, but where chirality is 
obtained through the collective contribution of the entire array, or more specifically 
through the array of supercells. This avoids both the complex structure of intrinsic chiral 
antennas and the incident angle dependence of extrinsic chiral antennas. Additionally, a 
design methodology is introduced to realize a rotation of polarization angle (PA) to any 
specific value - 450 in our case – accurately determined by the geometry of structure 
rather than the intrinsic properties of composite materials. In previous 2D and 3D chiral 
structures, there was no quantitative formula between the introduced chiral effect and the 
geometry of the structure. The typical procedure was to design an asymmetric structure 
with a handedness that relates qualitatively to the required chiral effect, and then to 
optimize it quantitatively through simulation and experimentation. Having a quantitative 
formula relating the chiral effect to the structure’s geometry facilitates the designer’s 
work and secures stability against fabrication and/or temperature effects. Our goal is 
achieved through splitting the circular components of the incident beam and introducing 
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an optical phase delay between the opposite polarizations. The rotation of PA is related to 
the introduced phase difference as will be explained below, and based on this relation, it 
will be shown how our metasurface is designed to achieve its determined functionality. 
A linearly polarized (LP) light with an angle of polarization φ as shown in inset of 




E = E0 xˆcosϕ + yˆsinϕ( ) = E02 rˆe
− iϕ + ˆleiϕ( )       (4.1) 
 
where ( )ˆ / 2ˆ ˆi+=r x y and ( )ˆ / 2ˆ ˆi−=l x y  are the unit vectors of the RCP and LCP 
respectively. Equation (4.1) indicates that a phase delay of 2φ introduced to the RCP 
component with respect to the LCP component, this will cause a rotation of PA by a 
value of φ, and the PA will reverse from φ to -φ, if the RCP and the LCP coefficients are 
switched.   
 
Fig. 4.1. Top-view schematic geometry of a single nano-antenna. (a) 
Designed dimensions of an elemental 30-nm thick nanoantentenna; (b) 
nano-antenna tilted at angle α with respect to x-axis. Inset: PA ϕ between 
the E-field and the horizontal (x-) axis. Light propagates perpendicular to 
the xy-plane (out of the figure plane). 
 
Hence, the role of the proposed metasurface is to introduce a required phase shift 
between the LCP and RCP components. Our approach is to split the circular components, 
and then introduce optical path delay between them to obtain the required phase shift. To 
split the LCP and the RCP, we use the metasurface design shown in figure 4.2 which is 
made of an antenna array with a period of 8 antennas (shown in figure 1) such that any 
two adjacent antennas have a difference in α of 22.50. The individual antennas are 
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separated by 500 nm, hence forming a periodic supercell with a lattice constant (p) of 4 
µm. It has been demonstrated31 that such a metasurface, upon excitation with circularly 
polarized light, transmits two beams. A circular co-polarized beam is normally 
transmitted, while another cross-circular-polarized component is deflected in an 
anomalous direction by an angle ( )1sin pθ λ−=  (direction of the first-order diffraction). 
A more detailed explanation of this effect is in the supporting information. It has also 
been shown31 that the cross-circular-polarized term is deflected in the opposite direction 
when the incident beam is reversed from LCP to RCP, as shown in figure 4.2(a). Figure 
4.2(b) shows the effect of exciting the metasurface with a linearly polarized light. By 
superposition of the cases in figure 4.2(a), the normal beams will add up to the same 
polarization state as the input, and the anomalous portion of the linearly polarized input 
beam is split into its circular components in two opposite diffraction directions. This is a 
very simple circular beam splitting structure supporting background-free circular 




Fig. 4.2. Metasurface structure for circular beam splitting: (a) Effect of the 
metasurface on circularly polarized incident light, (b) Applying 
superposition to obtain circular beam splitting effect for linearly polarized 
incident light; a part of the beam is transmitted normally with no change. 
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The optical effect that is implemented in this work is the optical rotation of linearly 
polarized light, and to obtain it, we must take the structure described in figure 4.2 one 
step further. To retrieve linearly polarized light in the output in the anomalous direction, 
we use two sub-arrays of anisotropic nano-antennas rotating in opposite directions as 
shown in figure 4.3 (two sub-arrays in blue and red). This will cause the RCP from one 
sub-array to be directed parallel to the LCP obtained from the other one, and the two rays 
effectively retrieve a linearly polarized output ray. The two output rays are deflected at 
opposite angles of ( )1sin pθ λ−= . An offset distance 4d p=  is introduced between 
the two sub-units to cause a π/2 phase shift between RCP and LCP, leading to a 450 
rotation of the output angle of polarization according to equation (4.1). The value of the 
phase shift is π/2 because for the first order diffraction, the phase shift varies linearly with 
offset distance taking the value of 2 d ppi . The technique of using the offset distance to 
obtain a phase shift has been used before in different application to form a quarter wave 




 180Rotation Angle d p= ×
      (4.2) 
 
Equation (4.2) guarantees that the optical effect can be accurately determined by the 
designer and is immune against effects that could deteriorate the operation like changes 






Fig. 4.3. The metasurface structure that performs optical rotation. It 
consists of two sub-arrays (in blue and red) causing circular polarization 
splitting in two opposite diffraction directions. In each diffraction 
direction, LCP and RCP add up to retrieve linear polarization. The two 
sub-arrays are separated by an offset distance p, causing a phase shift 
between the LCP and the RCP, which results in rotation of angle of 
polarization for the linearly polarized output light. 
 
This concludes that we obtain a normally transmitted beam with unchanged state of 
polarization and other two anomalously transmitted beams deflected in opposite 
directions with the required state of rotation of PA by 450. Figure 4.4(a) demonstrates the 
overall performance of the metasurface subject to linearly polarized incident light.  
Standard electron-beam lithography and lift-off processes are used to fabricate the 
array of gold nanoantennas on top of indium-tin-oxide coated glass substrate. Figure 
4.4(b) is a field emission scanning electron microscope (FE SEM) image of the sample (a 
top view image taken from the gold nanoantenna side). Details of fabrication process are 





Fig. 4.4. (a) The overall action of metasurface structure that performs 
optical rotation. There is a normal output beam with the same polarization 
as the input, and one of two anomalous output beams of interest deflected 
by an angle θ and optical rotation occurs to that beam by an angle 450. (b) 
FE SEM top image of the fabricated sample with dashed rectangle to 
demonstrate the supercell.  
 
The operation of the metasurface is first tested in the transmission direction as shown 
in figure 4.5(a). The incident ray is shown in black, the normally transmitted ray in blue, 
and the anomalously transmitted ray in red. The anomalous transmission is the ray of 
interest and it occurs at some deflection angle θt. The experimental setup contains a 
tunable monochromatic source providing signal in the near IR regime, a polarizer to 
control the PA of the incident light (φi), and a rotating analyzer which filters the output 
power at different PA’s (φ0) to determine its polarization state. More details about 
experimental setup are shown in supporting information. Measurements are taken using 
an ellipsometer device which allows rotation of detector to detect the anomalous ray as a 
function of deflection angle θt. The output and input PA’s of this structure are related by 






−ϕ i       (4.3) 
 
The negative sign in equation (4.3) is coming from the switching from RCP to LCP 
and vice-versa in anomalous transmission with respect to incident beam as shown in 
figure 2(a), and this results in changing the sign of φ as discussed after equation (4.1). To 
test the rotation of the PA, we checked it with four specific values of incident PA which 
are φi = 0, 450, 900, 1350 (-450). This is because these particular set of PA’s uniquely 
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defines any state of linear polarization from Stokes’ parameters. Figures 4.5(b) and 4.5(c) 
show a sample of the results at φi = 0, 450 and the total set of results are presented in the 
supporting information.  
These measurements are taken at λ = 1.5 μm and the anomalous output beam intensity 
is plotted as a function of the scattering angle θt. The validity of equation (3) is verified 
by measuring the output without polarization filtering, and then filtering the output at two 
different PA’s (φ0) which are the polarization directions defined by equation (3) and the 
orthogonal direction. The results show that the power at the expected value of φ0 
coincides with the total power, and the power in orthogonal direction is almost zero 
verifying the required operation. The ratio between the power in the desired and 
orthogonal directions is about 20 dB. 
 
 
Fig. 4.5. (a) Schematics of the experimental setup for testing the 
metasurface in the transmission mode. (b) Experimental results for incident 
PA φi = 0 showing that output power is at φ0 = 450. (c) Experimental results 





Fig. 4.6. (a-c) Experimental setup and results for testing the metasurface in 
the reflection mode from the nanoantenna side. For φi = 0, the output 
power is at φ0 = - 450, and for φi = 450, the output power is at φ0 = 0. (d-f) 
The setup and observed results in the reflection mode from the glass side. 
For φi = 0, the output power is at φ0 = 450, and for φi = 450, the output 
power is at φ0 = 900. 
 
The operation of the metasurface is then tested in the reflection direction as shown in 
figures 4.6(a) and 4.6(d). We need two sets of measurements from both the nanoantennas 
side and the glass side because the handedness of the antenna array in figure 4.3 is going 
to be flipped causing rotation of PA in opposite directions.  
Since the reflected and transmitted circular components of light are of opposite 
polarizations, φ0 of the anomalous reflected light incident from the nanoantenna side will 
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ϕ0 = ϕ i − 45
0
      (4.4) 
 
Hence for the anomalous reflection from glass side, different handedness of the array 




0 i 45ϕ ϕ= +       (4.5) 
 
For the transmission case, it will be redundant to show results for light incident from 
both sides of metasurface owing to the reciprocity of transmission operation. Figure 6 
shows the validity of equations (4.4) and (4.5) at λ = 1.5 μm for  φi = 0, 450 − additional 
results are found in the supporting information. The output power in the desired 
anomalous beam was about 4%. It has been successfully demonstrated though that by 
utilizing metasurfaces in reflection mode, their output could be enhanced by an order of 
magnitude, and such designs are also applicable in our case. 
To analyze how broadband is the effect, we test it for the case of transmission from 
nanoantennas side with the input angle of polarization φi = 0, which is the same case as in 
figure 5, but it’s done for a set of wavelengths ranging from 1.05 μm to 1.7 μm. Outside 
this wavelength range, the performance deviates from the required functionality. Figure 




Fig. 4.7. Experimental results for transmitted power at different 
wavelengths, with normally incident light for incident PA φi = 00.  The 
output power is at φ0 = 450 similar to fig 4.5(b) for a broadband 
wavelength range from 1.05μm to 1.7μm. For each wavelength, the peak 
intensity occurs at a diffraction angle of ( )1sin pθ λ−= . 
 
4.3 Power Efficiency 
 
Now, we implement similar polarization rotator using gap-plasmonic metasurface 
structure to obtain an order of magnitude enhancement in power efficiency. Using gap-
plasmon [30, 60, 61, 147-149] (GP) nano-antennas NA instead, it is possible to obtain the 
same function with a compact subwavelength structure and dramatically improved power 
efficiency. With this design we’re overcoming the poor power efficiency of single 
layered plasmonic metasurfaces such as those made with v-antennas[20]. There have 
been also earlier demonstrations of effective GP structures in the microwave regime [58, 
150]. The unit cell of a gap-plasmon structure is shown in figure 4.8(a). It has a bottom 
gold layer that works as a reflecting mirror, a top 30-nm thick gold NA, and a 50-nm 
thick dielectric (alumina, Al2O3) spacer. The metal/dielectric/metal sandwich enables the 
excitation of a compact GP wave[60]. The incident plane wave couples to this slow GP 
wave which accumulates a large optical phase over the very short length of the NA. By 
tuning the aspect ratio (Lx/Ly) of the antennas geometry, we can indeed achieve a phase 
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Fig. 4.8. (a) Schematic of a unit cell of a gap-plasmon based antenna 
structure consisting of gold/alumina/gold structure. Silicon substrate 
carries the metasurface and plays no role in the operation. (b) Top view of 
the unit cell, with nano-antenna dimensions  and . 
(c) Top view of the unit cell, with the nano-antenna tilted at an angle .  
 
Now, we design the metasurface with two intertwined sub-arrays as shown in fig 
4.9(a). Each sub-array reflects LCP and RCP components in opposite directions, but due 
to the opposite antenna orientation of the two sub-arrays, they reflect opposite spins to 
the same side. At each reflection side, LCP and RCP from different sub-arrays add-up 
together to retrieve linearly polarized light. The two sub-arrays are spatially shifted with 
respect to each other to make a phase delay of  to the RCP with respect to LCP, 
causing PA rotation by .  Fig 4.9(b) presents a schematic of the whole metasurface 
demonstrating that, upon excitation with linearly polarized light, it reflects two different 




Fig. 4.9. Inset: PA ϕ between the E-field and the horizontal (x-) axis. (a) 
Schematics of one period of the metasurface consisting of two rows, 
where each row splits the incident beam by reflecting LCP (orange color) 
and RCP (purple color) into opposite sides. Alternating rows reflect 
opposite spins on the same side due to opposite gradient of antennas 
orientations. Displacement of alternating rows by quarter a period causes 
RCP phase delay with respect to LCP in both sides of reflections by .  
(b) Schematics of the whole metasurface which performs optical rotation 
to the reflected beams by due to induced phase-shift between different 
spin components. (c) FE SEM of the metasurface with dashed lines 
representing one period.  (d) Reflected Power from metasurface for the left 
reflected beam as a function of wavelength and reflection angle rθ , 
showing that for each wavelength, maximum intensity occurs at 
sin r Pθ λ= − . 
 
The metasurface is fabricated on top of a silicon substrate, where the bottom 50 nm 
gold and the 50 nm alumina layers are implemented using electron beam deposition, and 
the 30 nm thick gold antennas are patterned using a standard electron beam lithography 
and lift off process. The experimental setup used to test the metasurface is shown in 
figure 4.10(a).  It consists of a tunable monochromatic source, a polarizer, and a retarder 
to obtain circularly polarized incident beams. Measurements are taken using a 
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spectroscopic ellipsometer device which allows rotation of the detector to collect the 
reflected ray as a function of reflection angle . 
 
 
Fig. 4.10. Schematics of the experimental setup for testing the 
metasurface. A tunable monochromatic source, a polarizer, and a retarder 
are used to obtain circularly polarized incident beams for different 
wavelengths. Measurements are taken using a rotating arm device which 
allows rotation of detector to collect the reflected ray as a function of 
reflection angle .   
 
The metasurface is tested using the same experimental setup in figure 4.10(a). The 
polarizer is used to provide incident beams with PA values of . 
Then the analyzer is used to obtain the reflected power filtered at the PA  defined by 
equation (4.5) and at the orthogonal polarization state. Figures 4.11(a-d) show that the 
power ratio of the data filtered at the required PA is almost 100%, and nearly no power at 
the orthogonal PA. The ratio between power at the required polarization state to the 
orthogonal state is around 20 dB at , and the ratio deteriorates at the edge of 





Fig. 4.11. (a-d) Polarization state results for incident PA values of 
 respectively. For each case, the ratio of the power at 
both the required polarization state and its orthogonal state with respect to 
the total power are plotted. Almost all the power is in the polarization state 
confirming the relation , and almost no power at the 
orthogonal state. For each wavelength, polarization measurement was 
obtained at the angle of maximum reflected power of sin / P
r




In conclusion, a broadband chirality effect using ultrathin metasurface has been 
demonstrated. The structure is simple because it does not utilize complicated chiral meta-
atoms, but rather chirality is obtained through the specific arrangement of non-chiral 
elements in periodic supercells. A methodology of metasurface supercell design to 
manipulate helical components of light is presented, which enables quantitative 
description of chiral effects as a function of geometrical dimensions of the structure. 
Dependence on the supercell geometry rather than the intrinsic properties of the 
individual antennas provides functional immunity against fabrication and/or temperature 
effects. Utilizing gap-plasmonic metasurfaces enhances power efficiency by an order of 
magnitude. There is a possibility to obtain tunable chiral effects in the future using the 
presented approach by incorporating michro-electro-mechanical-systems (MEMS) 
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technology to allow control of the geometrical distances responsible for the effective 
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Semiconductor electronic devices are approaching their fundamental bandwidth and 
speed limitations, which is a serious problem that impedes further advances in many 
areas of modern sciences [162].  One solution is believed to be in replacing electronic 
signals with light, which is the ultimate means of sending information to and from the 
interior structure of materials — it packages data in a signal of zero mass and unmatched 
speed [163].  However, the major problem of using light as an information carrier is the 
low level of miniaturization and integration caused by the diffraction limit [162], and 
therefore, research in nano-photonics has been focusing on solving this obstacle. Several 
solutions involve surface plasmon polariton (SPP) waves. However, plasmonic waves 
suffer from high losses, and poor coupling efficiency with radiating plane 
electromagnetic waves due to mode mismatch [162]. In this work, cavities with reflective 
metasurface claddings are proposed as a compromise between plasmonic and 
conventional photonic resonators regarding size-losses tradeoff. This is attributed to the 
fact that these cavities carry hybrid modes; plasmonic modes at the reflecting metasurface 
and photonic modes in the rest of the cavity body. The proposed nano-cavities are 
compact and sub-wavelength, and at the same time they match with the conventional 
photonic devices for the end-user. In the following sections, we give a description of how 
the metasurface claddings can be used to decrease cavity thickness. And then we show 
that the potential of these metasurface based nano-cavities exceeds the ability to 
miniaturize the cavity size, and can be tailored to resonate at multiple wavelengths. 
In addition to the goal of scaling down the size of optical components, minimizing 
the cavity size below the diffraction limit has other numerous applications including 
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realization of nano-lasers, and spontaneous emission rate enhancement due to the Purcell 
effect[164]. This effect, which is inversely proportional to the volume of the cavity, is 
useful in single photon sources, and in thresholdless lasing[165]. This has motivated 
researchers in nanophotonics to search for solutions to minimize cavity size[166, 167].  
We propose a method to achieve subwavelength dimensions of cavities using 
reflecting metasurfaces. We change the constraints for cavity resonance by replacing the 
conventional mirrors with reflecting metasurfaces that introduce an arbitrary phase shift 
to the reflected wave. This changes the roundtrip phase condition. Here, we present 
design of metasurface based nano-cavities based on gap plasmon resonances. These 
cavities have a thickness of 100 nm and support resonances in the wavelength range of 
0.6 – 1.1 μm. Then we develop the technique to make the nano-cavities resonate at two 
different wavelength values which can be tailored independently through adjusting the 
geometry of the metasurface. 
 
5.2 Compact Nano-cavities 
 
Light confinement in conventional cavities, such as Fabry-Pérot cavities made of 
parallel mirrors, should satisfy a resonant condition of having a round trip phase shift of 
an integer multiple of 2π. This implies that the cavity should have a thickness equal to an 
integer number of half the wavelength, setting a lower limit of the thickness of the cavity 
to λ/2. Fig 5.1 shows a comparison between a conventional Fabry-Pérot resonator (fig 
4.1a) and the proposed structure where one or both mirrors are coupled to a metasurface 
(fig 5.1b) which add an arbitrary phase shift of φms. In the conventional case, the 
resonance condition is 4πL/λ = 2mπ imposing a minimum limit of λ/2 on the value of L, 
while for the proposed structure, the resonance condition will become 4πL/λ + φms = 2mπ. 
Since φms can be designed to take any value from 0 to 2π, there is no constraint on L and 









Fig. 5.1. Comparison in phase and resonance conditions between: (a) 
conventional resonator (b) resonator with reflecting metasurface. (c) 3D 
view of a specific cavity design based on gap plasmon resonance.  
 
One of the options to implement the design in fig 5.1(b) is to use gap-plasmon 
resonance structure[59, 60]. Gap plasmon metasurfaces can be used to introduce any 
phase shift from 0 to 2π.  Fig 5.1(c) shows a 3D view of our cavity structure and fig 
5.2(a) shows its cross-section. The cavity structure consists of a bottom reflecting metal 
layer having a thickness t which is on the order of 20 – 30 nm, and an array of metal 
disks of diameters D, periodicity P, and thickness h, separated from lower mirror by a 
dielectric spacer layer of thickness s. Thicknesses h and s typically range over a few tens 
of nanometers. Periodicity P and diameter D ranges depend on the wavelength of 
operation. Working in the visible and Near IR range would make typical values of P from 
100 - 300 nm, and D about 30 – 70% of the value of P. 
Below are FEM simulation results for the cavity structure with the materials 
shown in fig 5.1(c) and fig 5.2(a), where P = 100 nm, h = 20 nm, L = 60 nm, s = 20 nm, 
and t = 25 nm, and all the metals are silver and the spacer is alumina and the rest of the 
cavity is filled with PMMA. Changing the value of D results in changing the wavelength 
of the gap plasmon resonance, and hence, changes the cavity resonance wavelength as 






Fig. 5.2. (a) Cross-section of cavity structure and demonstration of the 
plane-wave excitation used in simulation (b) simulation results for the 
diameter of silver disk D = 40, 50, 75, and 90 nm. 
 
Cavities with distance between mirrors of 100 nm have shown the ability to support 
resonances in visible and Near IR wavelengths.  
Similarly, we can obtain similar response with using nano-stripes instead of nano-
disks. It work with one polarization direction only, but it enhances power efficiency of 
the structure. Figure 5.3(a) shows a schematic of the structure, and figure 5.3(b) shows 
simulation results for different dimensions of nano-stripes. The thicknesses of all layers 
are the same as the previous isotropic structures, and the stripes are repeated at a period 




Fig. 5.3. (a) Nano-cavity structure with nano-stripes and demonstration of 
the plane-wave excitation used in simulation (b) simulation results for the 
width of silver stripes D = 40, 50, 60, 70 and 90 nm. 
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5.3 Dual-Band Nano-cavities 
 
The capabilities of the metasurface based nano-cavities exceed the ability of building 
nano-photonic devices below the diffraction limit.  The heart of these class of cavities lies 
in changing the resonant phase condition to 4πL/λ + φms = 2mπ. In the previuos cavities, 
the metasurface induced phase term φms go through large variations around the gap-
plasmon resonance wavelength determined by the dimension D. If we use two different 
stripe widths D1 and D2, we can have two resonances at different wavelengths. Figure 5.4 
demonstrates that we can tune the two resonant wavelengths independently by tuning 




Fig. 5.4. (a) Nano-cavity structure with nano-stripes of two different width 
D1 and D2 tailored to resonate at two wavelength. (b) Simulation results 
while fixing the smaller width D1 and varying D2. (c) Results with 







Subwavelength cavities are obtained using reflecting metasurfaces. 100 nm thick 
cavities are shown to support resonances in visible and Near IR wavelengths using gap 
plasmon resonators attached to cavity walls. The effect can be used in many applications, 
including but not limited to, spontaneous emmision enhancement, single photon sources, 
nano-lasers, thresholdless lasing and in development of subwavelength cavity-based 
optical devices like interferometers, optical parametric oscillators, and pulse shapers. 
 By adjusting the nano-structures inside the metasurface, it can be tailored to 
resonate at multiple wavelengths . Metasurface based nano-cavities where designed to 
operate at dual wavelength bands. In contrast to the case of conventional cavities, the two 
resonant wavelength can be tailored independently and don’t need to be integer multiples 
of each other.  
The metasurface nano-structures also have the potential to be tailored to resonate 
only at specific polarizations, spin or angular momentum modes. Metasurface based 
nano-cavities can perform new operations not familiar with conventional cavities like 
spin-dependent cavities that resonate for only a specific spin or resonating at a specific 
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A cornerstone equation of optics – Snell's law – relates the angles of incidence and 
refraction for light passing through an interface between two media. It is built on two 
fundamental constrains: the conservation of tangential momentum and the conservation 
of energy. By relaxing the classical Snell’s law photon momentum conservation constrain 
when using space-gradient phase discontinuity, optical metasurfaces enabled an entirely 
new class of ultrathin optical devices. Here, we show that by eradicating the photon 
energy conservation constrain when introducing time-gradient phase discontinuity, we 
can further empower the area of flat photonics and obtain a new genus of optical devices. 
With this approach, classical Snell’s relations are developed into a more universal form 
not limited by Lorentz reciprocity, hence, meeting all the requirements for building 
magnetic-free optical isolators. Furthermore, photons experience inelastic interaction 
with time-gradient metasurfaces, which modifies photonic energy eigenstates and results 
in a Doppler-like wavelength shift. Consequently, metasurfaces with both space- and 
time-gradients can have a strong impact on a plethora of photonic applications and 
provide versatile control over the physical properties of light. 
Optical metasurfaces have produced a strong impact on nanophotonic devices 
resulting from the generalization of Snell’s relation[19], which has always played a 
primary role in the design of optical devices. Snell's law relates the angles of incidence 
and refraction for light passing through an interface between two distinct isotropic media  
and it is a direct result of two fundamental laws[168] for reflected and refracted photons 
dealing with the conservation of (i) tangential momentum, and (ii) energy.  With the 
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inception of space-gradient metasurfaces, created using nano-antennas that introduce 
spatially dependent phase-discontinuities along the interface, Snell’s law has been 
generalized to include a discontinuity in the tangential momentum. Consequently, it has 
already become possible to engineer angles of reflection and refraction at will with flat, 
ultra-thin metasurfaces. 
By introducing a dynamic (i.e. temporal) change to the phase-discontinuity, Snell’s 
law can be modified to an even more universal form, which is expected to lead to other 
new and exciting physical impacts. As we will show, photons interacting with time-
gradient metasurfaces do not conserve their energy. As a result, there is a change in the 
normal momentum component induced by the energy-momentum dispersion relation in 
the media on both sides of the metasurface. Therefore, using both space and time 
variation of phase induced by metasurfaces, it is possible to control both the tangential 
and normal momentum components. Beside the extra degree of freedom of controlling 
the normal momentum, the modification to Snell’s law contributed by a time variation of 
the phase-shift breaks Lorentz reciprocity[169]. This enables the implementation of 
optical devices, such as optical isolators, which require breaking time-reversal 
reciprocity[170, 171] and thus are unachievable with space-gradient metasurface alone.    
First, we derive the mathematical apparatus for the generalized reflection and 
refraction using space and time phase-shift variation along metasurfaces. Then, the non-
reciprocity of a new form of Snell’s law is highlighted, and possible schematics for 
designing optical isolators using time-varying metasurfaces are proposed. Finally, new 
physical effects induced by the time variation of phase discontinuity are discussed and 
possible implementation techniques are proposed.  
 
6.2 Mathematical Formulation 
 
Snell’s law is a geometric optics approximation, which is exact when we are dealing 
with ideal plane waves. It still is very accurate, however, if the wave amplitude is slowly 
varying in space with respect to wavelength scale, and in time with respect to the period. 
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In this case, electromagnetic waves can be viewed as a collection of local rays in space 




      (6.1) 
 
where  is a slowly varying function of space and time (constant in case of plane 
waves),  and the phase term (also called the eikonal in geometric optics) is a fast 
varying function of space and time. The spatial and temporal derivatives of  give the 













      (6.3) 
 
We study the most general case shown in figure 1, when a wave with a phase of  
is incident on a metasurface, which induces a space-time varying phase-shift of  for 
a reflected wave and  for refracted (transmitted) wave. This means that the phases of 
the reflected and transmitted waves are given by:  
 
 { }s i ms,s, s r,t .ψ ψψ= + =       (6.4) 
 
By applying equations (6.2) and (6.3) to both sides of equations (6.4), we obtain:  
 
 { }s i ms,s , s r,t ;tω ψω= − ∂ ∂ =       (6.5) 
 




where , , , ,  and  are  the frequencies and the x-components of the 
wave-numbers of incident, reflected and transmitted waves, respectively. Equation (6.6) 
can be rewritten in terms of the wavenumbers’ amplitudes , ,
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where /i i ik n cω=   and 
 
{ }ms,is











      (6.9) 
 
with ( )i rn n=  and 
 
being the refractive indices of the incident and transmissive media, 
respectively. The forms of equations (6.7) and (6.8) which calculate angles of reflection 
and refraction are very similar to the equations introduced by space-gradient 
metasurfaces, but there is an important difference illustrated by formula (6.9). This 
equation implies that the amplitude of the wavenumbers is changing with the change of 
frequency (resulting from time variations of phase).  
 
Fig. 6.1. Schematic of a light beam incident on a space-time gradient 
metasurface with angle of incidence , reflected beam with angle of 





The above equations clearly indicate that the space-gradient phase-shift introduces 
an abrupt change to the photonic momentum with a value of , 
and similarly, a time-gradient phase-shift causes a photonic energy change of 
. This Doppler-like shifting of the wavelength in time-varying 
metasurfaces enables alternative approaches that could be advantageous over mechanical 
movement. They can also be integrated with mechanical systems to modify or 
compensate the Doppler effect. Interesting and useful developments can be also related to 
cavity optomechanics[172], where time-varying metasurfaces could be utilized to expand 
the control over the inelastic photonic interactions with vibrating mirrors. Here the 
exchange of energy with photons could be used for laser cooling[173] or heating.  Figure 
(6.2) illustrates a basic paradigm for the universal Snell’s law with space-gradient and 
time-gradient metasurfaces. For the sake of simplicity and clarity, we discuss reflection 
from gradient metasurfaces in free space. A similar analysis can be extended to 
transmittance and for arbitrary media. Figure 6.2(a) demonstrates the photonic interaction 
with a space-gradient metasurface, where a discontinuity of tangential momentum (or 
wavenumber) is added to the reflected photons. Conservation of energy requires the 
amplitude of the total momentum to remain on the same isofrequency curve 
 (or iso-energy curve ). The tangential and total momenta 
together define the new angle of reflection (solid line) which is different than the 
reflection angle with no metasurface (dashed line). Figure 6.2(b) demonstrates another 
degree of freedom to control the reflection of the beam using a time-gradient metasurface 
which, according to equation (6.5), introduces a change to the iso-frequency curve of the 
reflected photons. If there is no space-gradient phase shift introduced, then the tangential 
momentum would not change; however, the variation in frequency results in a change in 
the normal component of the momentum (solid line) compared to the case when the 
photon energy is conserved (dashed line). Figures 6.2(c-d) compare two examples of 
reflection tests upon time-reversal and demonstrate that unlike space-gradient 
metasurfaces, time-varying metasurfaces can provide non-reciprocal reflectance. Figure 
6.2(c) illustrates that the variations induced in the tangential momentum by the space-
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gradient metasurface for the forward and reverse directions compensate each other. Thus, 
if a space-gradient metasurface adds a tangential momentum to the forward beam (Fig 
6.2(a)), it subtracts the same amount in the reverse beam (Fig 6.2(c)), restoring the 
original incident direction. This is not the case for time-varying metasurfaces where the 
changes in the isofrequency curve are additive for both directions and do not negate each 
other. If the amplitude of the wavenumber is increased for the forward beam (Fig 6.2(b)), 
it is further increased to a higher value for the reversed beam (Fig 6.2(d)), leading to a 
deviation of the time-reversed reflected beam from the incident beam. 
 
 
Fig. 6.2. (a) Light reflected from a space-gradient metasurface inducing 
tangential momentum discontinuity. The dashed red line represents the 
reflected beam without the metasurface effect. (b) Light reflected from a 
time-gradient metasurface inducing energy discontinuity and changing the 
isofrequency curve. The dashed red line represents the reflected beam 
without the metasurface effect. (c) Time-reversal test of a space-gradient 
metasurface. Red dashed line denotes reciprocal propagation of light. (d) 
Performance of a time-gradient metasurface in time-reversal with the 
dashed green and blue lines denoting the nonreciprocal traces of the 






6.3 Lorentz Non-Reciprocity and Optical Isolation 
 
Now, we quantify the amount of non-reciprocal deviation in the propagation 
direction for the case illustrated in Fig 6.2(d). For simplicity, we assume that there is no 
space-varying phase-shift ( ), and that there is a linear variation of with 
respect to time with a derivative value of . This can be obtained by 
introducing a periodic phase shift that changes linearly from  to during a period 
. Let the angles of incidence and reflection to this metasurface be  and  as 
shown in Fig 6.3(a). By applying equations (6.5) and (6.9), we derive that if the 
frequency and the wavenumber of the incident beam are  and , respectively, 
then the frequency and the wavenumber of the reflected beam are  and 
. Then, from equation (6.7), we obtain:  
 
 ( )1 2sin sink k kθ θ= + ∆     (6.10) 
 
Using the same analysis for the time-reversal case shown in Fig 6.3(b) we find:  
 
 ( ) ( )2 3sin 2 sink k k kθ θ+ ∆ = + ∆     (6.11) 
 























Fig. 6.3. (a) Schematics of reflection angle from a time-gradient 
metasurface. (b) reflection angle in time-reversal. 
 
From equation (6.12) it can be concluded that the back reflected beam in time-
reversal is not propagating in the same direction as the incident beam. Consequently, this 
type of metasurface can be used as a unidirectional isolator with two ports 1 and 2 placed 
along the directions of the incident beam at and the reflected beam at , respectively. 
Light is allowed to propagate in the forward direction from port 1 to port 2, while light 
backscattered from port 2 is redirected at an angle away from port 1, enabling scattering 
parameters of  and , which is required for optical isolation[171]. Equation 
(6.12) demonstrates that the separation between  and  is proportional to the ratio 
 which is very easy to control while operating in the radio frequency and possibly 
terahertz. For operation in the infrared and visible bands, considerable ratios of  can 
be obtained when, for example, time-varying metasurfaces are modulated optically.  We 
note that non-reciprocity attributed to the difference in photonic energy levels 
(frequencies) between the incident and back-scattered beams can be completely 
decoupled using trivial optical filtering with a high-quality-factor optical cavity. In this 
case even a small change in the frequency would provide an observable effect. Figures 
6.4(a) and 6.4(b) depict the schematic of an optical isolator based on a metasurface with a 
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frequency shift of  and two optical resonators with center frequencies of 
 and . Figure 6.4(a) shows the allowed forward propagation for an incident 
beam of frequency  and the reflected beam of frequency , where both beams 
pass through the optical resonators. Figure 6.4(b) presents the backward propagation of 
the time-reversed  beam, which is reflected at a shifted frequency of  
and hence, the reversed beam is blocked by the resonator.  
 
 
Fig. 6.4. (a,b) Schematics of an optical isolator with uni-directional 
light flow using a time-varying metasurface and two high quality 
resonators. (c,d) An optical isolator with same input/output frequency 
using two time-varying metasurfaces and a high quality resonator. 
  
To build an isolator with the same input and output frequencies, one can use two 
metasurfaces with the same magnitude but opposite in sign phase-shifts. Thus, one 
achieves frequency shifts of  and , respectively, which compensate and restore 
the same frequency in the output. Inserting a resonator tuned at  in the path of 
light between the two metasurfaces, would allow forward propagation of light (Figure 
6.4(c)) and block its backward propagation (Figure 6.4(d)).  
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The examples proposed in Fig 6.4 demonstrate straightforward approaches to 
designing compact, magnetic-free optical isolators with time-varying metasurfaces. 
Generally, these isolators would require either the utilization of non-linear or time-
varying materials[171]. Due to some limitations on nonlinear isolators[174] such as 
intensity dependent operation, there is interest in developing isolators based on time-
varying structures[175-178]. We believe that ultra-thin metasurfaces with dynamically 




In conclusion, time-varying metasurfaces bring a new degree of freedom in 
controlling light with flat photonic devices that further broadens the scope of applications 
for metasurfaces. While space-gradient metasurfaces enable the control of the tangential 
momentum, space-time-gradient metasurfaces are capable of controlling both the 
photonic energy (normal momentum) and the tangential momentum. As a result, time-
gradient metasurfaces go beyond the physical limitations imposed on space-gradient 
metasurfaces like reciprocity and ‘elasticity’ of the reflected and refracted photons. We 
illustrated that time-gradient metasurfaces can break Lorentz reciprocity, enabling the 
development of optical isolators, and derived a universal non-reciprocal form of Snell’s 
law. Photons interacting with time-varying metasurface exhibit Doppler-like wavelength 
shift causing exchange of energy. This is similar to the effect induced by vibrating 
mirrors in opto-mechanical cavities, where energy exchange with photons is used, for 
example, for laser cooling. Additionally, time-varying metasurfaces can be integrated 
with time-reversal mirrors[179-181] and used for subwavelength focusing[182] enabling 
the mapping of backward-signals or far-field images. For radio-frequency and microwave 
applications, the temporal modulation of metasurfaces can be achieved for example by 
using an array of varactor-based phase-shift elements. Optical implementations are 
possible by using, for example, electroptic and photoacoustic effects as well as other 
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In the previous chapters, many demonstrations of metasurface based devices have 
been accomplished through spatial engineering of properties of a medium. And in the 
previous chapter, it has been demonstrated that the field of metasurfaces can be further 
empowered by utilizing time-varying structures with a dynamic response to propagating 
light. A new genus of optical devices and physical effects can be realized provided one 
can overcome some fundamental limitations of metasurfaces which only utilize spatial 
variations of structures. Nano-structured metasurfaces exhibit spatial variation of a 
structure over small scales which are subwavelength, and this is a prime cause for 
achieving their functionalities. It is, therefore, a sensible approach to utilize ultrafast 
technology to obtain dynamic response on a short time scale to obtain considerable 
effects of dynamic devices. 
Metasurfaces achieve their functionalities through spatial interference of light 
emitted from an array of antennas. Similar interference effects are implemented in pulse 
shaping of ultrashort pulses, but in time-domain instead. In this chapter, a new approach 
is introduced to integrate the spatial interference methodology of metasurfaces with the 
temporal interference methodology from ultrafast pulse shaping to enable a new 
spatiotemporal interference effect. This effect is utilized to demonstrate ultrafast beam 
steering within a time period of hundred picoseconds. 
 
7.2 Spatiotemporal Interference 
 
Metasurface based applications like light bending[23] and holograms[34] depend on 
spatial interference from an array of antennas to produce a far field holographic pattern. 
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The requirement for spatial coherence typically imposes a monochromatic source, but 
this leads only to static far field patterns (i.e. we can achieve beam bending to a fixed 
angle, not a dynamic beam steering). On the other hand, pulse shaping of ultrafast optical 
pulses is performed using similar interference technique but in time-domain. It’s done by 
controlling their spectral components of light such that the coherent interference of these 
components in time generates the required temporal pulse. The spectral components of 
ultrashort pulses consist of a frequency comb which is a series of discrete equally spaced 
spectral lines. The art of pulse shaping[183] is accomplished through Fourier synthesis by 
judiciously adjusting the complex coefficients (phase and/or amplitude) of these spectral 
components such that their temporal interference will compose the predesigned pulse 
shape.  
Here, we demonstrate that if we incorporate spatial variation of spectral components 
in addition to time control, we can obtain ultrafast space-time beam shaping which can 
generate dynamic far-field patterns. Using this methodology, steering of laser beams 
becomes possible with the same period of ultrafast pulses repetition rate, which is 3-4 
orders of magnitude faster than state-of-the-art beam steering. Fig. 7.1 demonstrates a 
conceptual image of spatiotemporal interference devices, where ultrashort pulses are 
being utilized to provide phase-locked frequency combs which are demultiplexed, then 
are used to feed a metasurface with nano-slits or nano-holes. The metasurface acts as a 
new source of phase locked waves that coherently interfere in the far field to generate 
dynamic optical patterns.  
 
 
Fig. 7.1. Conceptual demonstration of an ultrafast metasurface. An 
ultrashort pulse is applied and demultiplexed. Its phase locked frequency 
components are fed to the nano-hole metasurface which acts as a 
secondary source of the frequency components. Far field interference of 




Dynamic patterns were typically obtained through modulating the spatial phase 
distribution of the holographic plate using liquid crystal modulators[67, 184] or acousto-
optic modulators[185] whose speeds are limited by the modulating speed of each 
technology. Here, we provide an alternative ultrafast approach through interference of 
sources of multiple frequencies (frequency comb) as long as they are mode-locked to 
keep the required coherence. We will demonstrate the concept using a very simple case 
used to achieve ultrafast beam steering, then we will propose a scheme for 
implementation and experimentation.  
 
7.3 Mathematical Formulation  
 
We demonstrate a simplistic case of using a linear array of frequency combs, each of 
them acts as a cylindrical source of waves generated from a nano-slit as shown in Fig 7.2.  
These sources are placed at discrete locations with d separation, and each two 
consecutive sources has a change in frequency ∆f. The coordinate system used in the 
mathematical formulation is shown in Fig. 7.3. The far field generated from this array 
takes the form:  
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Fig 7.3. Coordinate system used in mathematical formulations. 
 
Using these valid approximations: 0f f∆ ≪ , 0ω ω∆ ≪ , 0k k∆ ≪ and Nd r≪ , and by 
substituting 2 2 2( sin ) cos sin
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The summation on the right hand side is a very famous summation in discrete signal 
processing[186]:  
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 + Ω    
≈
 Ω    
      (7.2) 
 
This function has a maximum at 0Ω=  and at integer multiples of 2π.  Now we can 
show that the value at which the summation is maximized corresponds to a rotating 
beam, and the Ω period of 2π corresponds to a beam steering repetition time of 1/∆f.  
0Ω=
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k d k d
ω
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  . 
The previous equation demonstrates the beam steering action through the time-
variation of sinθ with respect to t. The term (∆kr/kod) is due to the time delay between the 
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source and the distance of measurement r. We can always define the time frame such that 
sinθ = 0 at t = 0 by substituting rt t
c








 ∆  =    
      (7.3) 
 
Fig. 7.4 shows a specific plot of Eq (7.2) with respect sinθ and t. This plot explains 
the beam steering effect, and also demonstrates important periodicity patterns in time. 
There is also a periodicity pattern in sinθ. But it should be noticed that sinθ takes only 
values between -1 and 1, however, in specific cases several values of sinθ can be 
achieved simultaneously. This corresponds to achieving multiple beams at the same time. 
All these cases will be explained below. 
 
 
Fig. 7.4. Plot of Eq (7.2) with respect to sinθ and t. We have substituted 
0 1.5 mλ µ= ,  750d nm= , 10f GHz∆ = , and used 21 frequency comb lines 
(2 1 21N + = ).  
 
The periodicity of 2π with respect to Ω imposes a temporal periodicity τ where: 
2ωτ π∆ =  










      (7.4) 
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Also, the period of 2π in Ω may cause multiple values of θ corresponding to multiple 
beams. We can guarantee that we have a single beam if only a single value of sinθ lies in 
the interval [-1,1]. This requires: 
02 2k d π<  






As a result, we obtain the following relation for the angle of beam with respect to 
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and the function is periodic with a period of τ = 1/∆f. If sinθ reaches 1 at t< τ/2, then the 
angle of view covers all the angles, but we get a dead time zone. The curves below 
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Fig. 7.5. Beam steering with 0 / 2d λ< . In this case, the angle of view is 
1800, and we get a dead time zone with no beam. 
 











Fig. 7.6. Beam steering with 0 / 2d λ= . In this case the beam is adjusted to 
exist at all the times with an angle of view 1800. 
 
We are not interested in the case where 0 / 2d λ>  since we have already shown that 
it doesn’t correspond to a case where we have a single beam. 
Now, we demonstrate simulation results for these different cases. In the following 
















Fig. 7.7. Simulation result for beam steering with 0 / 2d λ= . In this case 
the beam is adjusted to exist at all the times with an angle of view 1800. 
We have substituted 0 1.5 mλ µ= ,  750d nm= , 10f GHz∆ = , and used 41 
frequency comb lines (2 1 41N + = ). Simulation results show light 


















































































Fig. 7.8. Simulation result for beam steering with 0 / 2d λ< . In this case, 
the angle of view is 1800, and we get a dead time zone with no beam. We 
have substituted 0 1.5 mλ µ= ,  500d nm= , 10f GHz∆ = , and used 41 
frequency comb lines (2 1 41N + = ). Simulation results show light 













































































Fig. 7.9. Simulation result for beam steering with 0 / 2d λ< . In this case, 
simultaneous beams are generated at the same time at different angles. We 
have substituted 0 1.5 mλ µ= ,  500d nm= , 10f GHz∆ = , and used 41 
frequency comb lines (2 1 41N + = ). Simulation results show light 
intensity at various time instants calculated according to Eq (7.1). 
 
7.4 Possible implementation and experimentation schemes 
 
Ultrashort pulses can provide the source of mode-locked spectral components that 
interfere together to obtain beam steering. We can utilize the structure of the pulse shaper 
in which the first stage is composed of a blazed grating and a focusing lens used to 
decompose the spectral component in space at the focal plane. We will not use the second 
stage of the pulse shaper which refocuses all the spectral components at the same spot. 
Instead, we place a nano-slit array at the focal plane, so that each spectral component 
scatters and plays as a new omni-directional point source (cylindrical source) 




































































independent on the previous beam direction. The interference of these cylindrical waves 




Fig. 7.10. Possible implementation of a beam steering setup. An incident 
ultrashort pulse is spectrally resolved using a grating, and a lens is used to 
direct focus spectral components to an array of nano-slits that operate as a 
secondary sources of omni-directional cylindrical waves. 
 
As a consequence, we redistribute the interference of the spectral components. For 
the input ultrashort pulse, these components are interfering in time only to compose the 
ultra-narrow time pulse, but for the output, the interference is in space and time together 






Fig. 7.11. Conceptual schematic of an ultrafast laser beam steering device. 
Spectral components of incident ultrashort pulse are redistributed to 
interfere in space and time together to produce a rotating beam. 
 
Experimentation of the beam steering action can be done using a cross-correlator 




Fig. 7.12. Possible experimentation of the beam steering action. The 
correlation between the two detectors is maximum when the tuned delay is 
matched to the time the beam takes to rotate between the two detectors. 




We should fix one of the 2 detectors at the normal direction (θ = 00) and the other 
beam at an arbitrary angle θ1, and we change the delay τ1 in one of the arm until we 








 ∆  =    
      (7.6) 
 
In addition, the correlation peak should be repeated at values t1+nτ where n is an 
integer and τ is the repetition period of the ultrashort pulses. Experimentation is then 
repeated for several values of θ1. For each of these values, the corresponding value of t1 is 
obtained, and then we fit the data to Eq (7.6) to check that it holds and that it is periodic 




A novel methodology of generating an ultrafast steering beam is introduced. It 
integrates spatial intereference obtained with nano-structured metasurfaces with temporal 
interference technique used in pulse shaping of utrafast pulses. A mathematical 
formulation is derived with supporting numerical simulations. Proposed schemes for 




This thesis contains some text and figures which have been used with permission from the author’s 
research publications especially from references [42, 49, 56, 120, 126] (© 2013, 2014, 2015 OSA), 




To summarize, we have studied various topics in photonic metasurfaces. Several 
contributions to the field of space-gradient and time-gradient metasurfaces have been 
done in this thesis, including 
1. Bianisotropic models of plasmonic nano-antennas are developed to understand 
the light-matter interaction inside the metasurface. The model also accounts for 
the role of symmetry breaking inside the nanostructure and its effect on the 
waves. It has also been implemented to develop an FDFD solver. A simulation is 
performed to a phase gradient metasurface with the bianisotropic approximation, 
and good agreement is obtained with a finite element simulation of the exact 
nano-sturucture. 
2. Metasurfaces utilizing photonic spin Hall effect are implemented to operate as a 
circular dichroism spectrometer. These operations are obtained through phase 
gradient metasurfaces which have a differential response to right and left 
circularly polarized incident light. To overcome the power efficiency limitation, 
gap-plasmonic antennas are used. Their dimensions are optimized such that all 
the reflected power of circularly polarized light is controlled by the geometric 
phase induced by the orientation of the antennas. This has enhanced the power 
efficiency by an order of magnitude. A circular dichroism spectrometer is also 
implemented using this technology with 40% power efficiency in the NIR region. 
3. We designed and implemented a metasurface based optical rotator. The chiral 
response in these metasurfaces is not achieved using chiral antennas, but rather 
obtained through the coherent response of the array.  Successful rotation of 
linearly polarized light by 450 is achieved using a metasurface with λ/50 
thickness. The structure is also implemented using gap-plasmonic antennas to 
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enhance the power efficiency by an order of magnitude. A circular dichroism 
spectrometer is also implemented using this technology with 40% power 
efficiency in the NIR region. 
4. We design novel nano-cavities with metasurface based mirrors. This novel 
approach dramatically changes the constraints on the size and capabilities of 
conventional cavities. This effect is important for enhancement of spontaneous 
emission enabled by Purcell’s effect    
5. The impact of time-gradient metasurfaces in developing non-reciprocal Snell’s 
relation of light flow is studied. Snell’s law relates the angles of incidence and 
refraction for light passing through an interface between two media. It is built on 
two fundamental constraints: the conservation of tangential momentum and the 
conservation of energy. By relaxing the classical Snell’s law photon momentum 
conservation constraint when using space-gradient phase discontinuities, optical 
metasurfaces enabled an entirely new class of ultrathin optical devices. Here, we 
show that by eradicating the photon energy conservation constraint when 
introducing time-gradient phase discontinuities, we can further empower the area 
of flat photonics and obtain a new genus of optical devices. With this approach, 
classical Snell’s relations are developed into a more universal form not limited 
by Lorentz reciprocity, hence, meeting all the requirements for building 
magnetic-free optical isolators. Furthermore, photons experience inelastic 
interaction with time-gradient metasurfaces, which modifies photonic energy 
eigenstates and results in a Doppler-like wavelength shift. Consequently, 
metasurfaces with both space- and time-gradients can have a strong impact on a 
plethora of photonic applications and provide versatile control over the physical 
properties of light.  
6. We introduced a novel technique of integrating metasurface based devices with 
ultrafast technology to enable ultrafast laser beam steering.  We integrate spatial 
interference methodology delivered by metasurfaces and temporal interference of 
phase-locked frequency-comb provided by ultrafast technology to obtain a time-
dependent metasurface response which is ultrafast. This methodology enables 
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beam steering with a hundred picosecond period which is four orders of 
magnitude faster than state-of-the-art beam steering technologies based on phase-
modulating array elements. 
 This thesis contains some text and figures which have been used with permission from the author’s 
research publications especially from references [42, 49, 56, 120, 126] (© 2013, 2014, 2015 OSA), 
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